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ABSTRACT OF THE DISSERTATION
Landscape Evolution at Endeavour and Gale Craters on Mars, and How Terrain Characteristics
Correlate with Mineralogy on Lower Mount Sharp, Gale Crater
by
Madison Nicole Hughes
Doctor of Philosophy in Earth and Planetary Sciences
Washington University in St. Louis, 2021
James S. McDonnel Distinguished University Professor Raymond Arvidson, Chair

The geomorphic expression of terrain provides information such as the underlying
lithologic properties and the dominant surface processes. By examining the surface morphology
of two impact craters on Mars that have been explored by rovers, we can synergistically combine
orbital and ground observations to obtain a deeper insight into the geologic history. In this
dissertation, we analyze the landscape evolution of Endeavour and Gale craters, which have been
explored by the Opportunity and Curiosity rovers, respectively. This is accomplished largely by
analyzing the topography on a larger scale using images from Mars orbiters and their associated
Digital Elevation Models, combined with a smaller scale analysis of the topography from images
taken by the Mars rovers.
Chapter 2 discusses the degradation and evolution of Endeavour crater. Orbital data from
the Mars Express and Mars Reconnaissance Orbiters (MRO) in combination with ground
observations from the Opportunity rover is used to compare the topography of the relatively
young Bopolu crater, to the nearby, and similar in size, Endeavour crater. Landscape evolution
modeling is then implemented to simulate the degradation of Endeavour, and indicates that the
x

crater experienced significant weathering and fluvial degradation during the Noachian period.
The crater was then largely buried by the Burns formation sandstone, with only some segments
of the rim remaining unburied. Aeolian erosion then modified the topography, exhuming
sediment from the crater interior and eroding the rim.
Chapters 3 and 4 discuss the evolution of Gale crater, using observations from MRO,
Mars Express, and the Curiosity rover. Chapter 3 characterizes debris deposits within chutes that
are visible within multiple canyons on Mount Sharp, and concludes that they are late-stage
landslide failures and debris flow deposits. Infinite slope modeling indicates that failure occurred
by reduction in effective stresses due to increased pore water, which is interpreted to be caused
by late-stage precipitation. Chapter 4 examines the geomorphic expression of the Glen Torridon
region near the base of Mount Sharp, where the Curiosity rover has explored. Glen Torridon
contains the upper members of the Murray formation, and is just below a thick section of sulfatebearing strata. The Glen Torridon morphology consists of a series of benches of polygonally
fractured bedrock and smooth terrain containing periodic bedrock ridges. Mineralogical data
from MRO indicates that these two types of terrain have the same ferric smectite signatures.
Wind erosion is hypothesized to be responsible for the different geomorphic expressions, with
more erosion occurring in northern Glen Torridon. This may be due to the uppermost Murray
formation experiencing more diagenetic alteration, therefore being more indurated than the
underlying strata.
By using a combination ground and orbital observations at Endeavour and Gale craters,
we have a better understanding of landscape evolution in two equatorial regions of Mars. In both
areas, water was heavily involved in the evolution of the topography. At Endeavour crater, the
rim was degraded from surface runoff, while at Gale crater, groundwater saturation and possibly
xi

exfiltration caused debris flows in the central mound. Both regions were later subjected to large
amounts of wind erosion. At Endeavour, wind excavated some of the rim materials, creating its
subdued appearance. At Gale crater, wind preferentially eroded the less indurated materials,
creating ridges of resistant debris flow deposits, and terrain dominated by repeating benches and
periodic bedrock ridges in Glen Torridon.

xii

Chapter 1: Introduction
The geomorphic expression of a given rock outcrop provides a multitude of information
about rock lithology and surface processes that have been active over time. When studying
geology on Mars, we mostly have to rely on the orbital datasets. However, at a few locations we
have the benefit of ground-based observations and datasets from landers and rovers. This allows
us to synergistically combine orbital and landed datasets to gain deeper insight into the geologic
history of Mars.
In this dissertation, we focus on the landscape evolution of Endeavour and Gale craters,
two impact craters that have been explored by the Opportunity and Curiosity rovers,
respectively. The geomorphology of these craters relates to the underlying geology and the
surface processes that have acted on the terrain. Using a combination of orbital and ground
observations, we obtain a clearer picture of how these two landscapes have evolved over time,
providing insight into how the environment has changed in two separate near-equatorial regions
on Mars.
In chapter two, we focus on the landscape evolution of Endeavour crater’s rim.
Endeavour crater is ~22 km in diameter, Noachian in age, and largely buried by the Burns
formation sulfate-bearing sandstone (Squyres et al., 2012). However, a few rim segments are still
exposed, and the Opportunity rover was able to explore part of the western rim. Using orbital
data from HiRISE (McEwen et al., 2007) and HRSC (Jaumann et al., 2007; Scholten et al.,
2005), we examine the surface topography of the rim of Endeavour crater, as well as a nearby
impact crater, Bopolu crater, that is similar in size to Endeavour, although younger in age
(Hughes et al., 2019). We also use observations from the Opportunity rover, mostly taking
1

advantage of extensive observations from the Navcam and Pancam (Bell et al., 2003)
instruments (Squyres et al., 2003). We use these data sets to examine smaller scale features of
the topography that cannot be seen from orbit. Using the orbital and ground observations of the
terrain as constraints, we then simulate the evolution of the crater using the MARSSIM program
(Howard, 1994).
In chapter three, we switch our focus to Gale crater, which is a 154 km diameter,
Hesperian-aged impact crater. The Curiosity rover landed in Gale crater in 2012 (Grotzinger et
al., 2014). In this chapter, we focus on multiple canyons that carved into Aeolis Mons,
informally known as Mount Sharp, the large central mound within Gale crater. Within these
canyons are debris ridges that closely resemble debris flow deposits on Earth. We examine these
features in detail using HiRISE images and HiRISE-generated digital elevation models (DEMs)
and evaluate if groundwater was required for their formation. We also use CRISM (Murchie et
al., 2007) data to determine the dominant mineralogy of these features. One of these debris
features, located within Gediz Vallis, will potentially be visited by the Curiosity rover.
In chapter four, we turn our attention to the Glen Torridon region explored by the
Curiosity rover. One of the reasons that Gale crater was chosen as a landing site is the presence
of thick sections of clay-bearing and sulfate-bearing strata that are exposed on Aeolis Mons that
were identified using hyperspectral imaging from the CRISM instrument on MRO (Anderson
and Bell, 2010; Golombek et al., 2012; Thomson et al., 2011). When the Curiosity rover landed,
bedrock that had been deposited in a fluvial-lacustrine environment was identified (Grotzinger et
al., 2014). These fluvial-lacustrine deposits are a part of the Murray formation that is exposed on
lower Aeolis Mons (Grotzinger et al., 2015), including within Glen Torridon. The transition from
clay-bearing strata to sulfate-bearing strata is present in other locations on Mars, and is thought
2

to represent a major transition in environmental conditions, from a wetter, more alkaline
environment conducive to the formation of clay-rich deposits, to a drier, more acidic
environment conducive to the formation of evaporitic sulfates (Bibring et al., 2006). The Glen
Torridon region contains this transition, and smectites have been detected from both CRISM and
CheMin on Curiosity (Rampe et al., 2017), and sulfate-bearing strata have been detected just
above Glen Torridon. In this chapter, we characterize the geomorphology, composition, and
mineralogy of the uppermost Murray formation member within Glen Torridon, because it is
interpreted to reveal evidence of the environmental transition.
Chapter two was published in the Journal of Geophysical Research: Planets in 2019
(Hughes et al.). Chapter three is in review in the Journal of Geophysical Research: Planets as of
April 2021. Chapter four will be submitted to the Journal of Geophysical Research: Planets
Special Issue on the Curiosity Rover’s results from Glen Torridon.
The research presented in this dissertation was led by Madison Hughes with direction
from her advisor, Professor Raymond Arvidson and contributions from the following coauthors:
In chapter two, Dr. John A. Grant, Smithsonian Institution, and Dr. Matthew P.
Golombek, Jet Propulsion Laboratory, provided integral discussion and feedback with regard to
the surface evolution of Endeavour crater. Dr. Sharon A. Wilson Purdy, Smithsonian Institution,
provided crater statistics to determine the approximate age of Bopolu crater. Dr. Alan D.
Howard, Planetary Science Institute, developed the program MARSSIM, which was used by
Madison Hughes to simulate the degradation and evolution of Endeavour crater. He provided
assistance with the program, as well as discussion on how to best implement it for this research
project.

3

Within chapter three, Professor William E. Dietrich, University of California, Berkeley,
and Professor Michael P. Lamb, California Institute of Technology, provided valuable discussion
on how best to model the failure of debris along the walls of Sakarya Vallis to determine the
saturation required for failure. Professor Jeffrey G. Catalano, Washington University in St.
Louis, provided a solubility plot for relevant secondary minerals on Mars, as well as calculations
for the amount of dissolution of sulfates in our study area in the presence of water and what the
associated volume change would be after dissolution. Professor Catalano also calculated the
volume change from the hydration of kieserite to starkeyite. Professor John P. Grotzinger,
California Institute of Technology, and Alexander B. Bryk, graduate student, University of
California, Berkeley provided feedback and discussion.
For chapter four, Professor Christopher M. Fedo, University of Tennessee and Mr. Bryk
provided the stratigraphic map within Glen Torridon that was integral to the paper, as well as
discussions on how the stratigraphy could affect the surface expression. Professor Dietrich
provided discussion and feedback on how more recent surface processes could have influenced
the topography.
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Chapter 2: Degradation of Endeavour crater
based on orbital and rover-based
observations in combination with landscape
evolution modeling
Associated Publication: Hughes, M. N., Arvidson, R. E., Grant, J. A., Wilson, S. A., Howard, A.
D., and Golombek, M. P. 2019. “Degradation of Endeavour crater based on orbital and roverbased observations in combination with landscape evolution modeling,” Journal of Geophysical
Research: Planets, 124. https://doi.org/10.1029/2019JE005949

Abstract
Exploration of Endeavour crater’s Shoemaker formation rim rocks by the Opportunity
rover, combined with extensive observations from the Mars Express and Mars Reconnaissance
Orbiters, provide unique and quantitative insights into the processes that have degraded this 22
km diameter Noachian age impact crater. These insights are informed by comparisons between
Endeavour and the relatively young, and morphologically fresh-appearing, 19 km diameter
Bopolu crater located 65 km to the southwest. Analyses of rover and orbiter data, combined with
landscape evolution modeling using Bopolu topography as a starting point, demonstrate that
significant weathering and fluvial degradation of Endeavour occurred during the Noachian
Period, with ~0.3 km of vertical rim removal, ~0.9 km back-wasting of the rim, and deposition of
~0.5 km of fluvial-deltaic-lacustrine sediments on the crater floor, sourced from rim erosion.
Pediments formed on external rim segments, with characteristic thin regolith covers over graded
bedrock. Late Noachian to Early Hesperian age Grasberg formation draping sediments, and
Burns formation sulfate-rich sandstones, subsequently embayed all but high standing Shoemaker
formation rocks. Burns formation strata accumulated in the crater interior up to a depth of ~0.8
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km. Subsequent wind erosion of the interior deposits is indicated by an interior mound and moat,
together with yardangs carved into Shoemaker formation rocks, and graded topographic profiles
from Grasberg and Burns formation rocks up and through the interior rim Shoemaker formation
outcrops. Up to ~0.4 km of Burns formation rocks were exhumed from within the crater by wind
erosion to produce the mound and moat.

2.1 Introduction
In 2011 the Mars Exploration Rover, Opportunity, traversed from the Meridiani plains
and the Burns formation sulfate-rich sandstone deposits to the Cape York rim segment of the 22
km diameter, highly degraded Noachian age Endeavour impact crater (Squyres et al., 2012). By
June 10, 2018, when contact with the solar powered rover was lost due to an extreme dust storm,
the rover had traversed 11.5 km along Cape York, Botany Bay, and Cape Tribulation, and was
~2/5 of the way down Perseverance Valley, a network of anastomosing, channel-like features
located in a gentle swale between Capes Tribulation and Byron (Figures 2.1 and 2.2).
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Figure 2.1: THEMIS Daytime IR Mosaic of Meridiani Planum (3°41’2.19”S, 5°2’29.46”W),
showing craters Endeavour and Bopolu and Opportunity’s traverse (white line). Endeavour crater
has been largely buried by the Burns formation sandstones, which underlie the flat plains. The
contact between Noachian cratered terrain and the overlying plains, including the Burns
formation rocks, is shown with a dashed orange line. Significant fluvial dissection of the cratered
terrain is evident, followed by burial by Burns formation deposits.
In this chapter, data collected by Opportunity instruments during its traverses of
Endeavour’s rim segments are compared with orbital observations (Table 2.1) to characterize the
topography, morphology, and rock compositions of Cape Tribulation and Perseverance Valley.
In addition, landscape modeling using MARSSIM (Howard et al., 1994, 2007), constrained by
rover and orbital observations, is used to provide detailed insights into the nature and extent of
degradation of Endeavour by aqueous processes, weathering, mass wasting, and wind action.
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Figure 2.2: Color-coded elevations from HRSC-based elevation data are overlain on a CTX
image covering Endeavour crater (D18_034208_1776_XN_02S005W) (2°16'55.53"S,
5°10'18.65"W), with Opportunity’s traverse shown in white. A HiRISE image of the western rim
of Endeavour crater, which is outlined in black and labeled ‘a’, is also overlain,
(esp_036753_1775_red). The segmented nature of Endeavour’s exposed rim segments is visible,
with segments protruding above the embaying Grasberg and Burns formation rocks. The
perspective view of the rim that is shown in Figure 2.5a is outlined in a dashed black line and
labeled. The white dashed box shows the area where HiRISE-based slope measurements are
summarized in Figures 2.21a and 2.22. The location of the HiRISE image of lineated features
pointing uphill shown in Figure 2.20 is also labeled with a black box. An interior mound is
located in the northwest portion of the crater. Locations of topographic profiles going roughly
north-south and west-east over Endeavour crater are shown, along with the profile data to the
right which has a 10X vertical exaggeration. Key rim segments (e.g., York) are shown, named
after capes from Captain Cook’s exploration of the eastern shores of Australia. Cape is not
included in the names to minimize clutter. The general locations of the mound and trough within
Endeavour are labeled for clarity.
Table 2.1: Datasets Used in this Study. All products listed here can be accessed on the PDS
geosciences node (http://pds-geosciences.wustl.edu/).
Instrument
Resolution/Description
PDS Product ID
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Thermal Emission
Imaging System
(THEMIS)
Context Camera
(CTX)

THEMIS-IR: 100 m/pixel;
THEMIS-VIS: 18 m/pixel
(Christensen et al., 2004)
6 m/pixel, (Malin et al.,
2007)

High Resolution
Imaging Science
Experiment
(HiRISE)

0.25-0.5 m/pixel (McEwen
et al., 2007)

High Resolution
Stereo Camera
(HRSC)

12.5-25 m/pixel; 3D
models: 30-100 m/pixel
(Jaumann et al., 2007;
Scholten et al., 2005)
Color, stereo, and
panoramic cameras. IFOV
of 0.28 mrad/pixel
(Squyres et al., 2003)
Wide-angle
monochromatic cameras
(Squyres et al., 2003)

Panoramic
Cameras (Pancam)

Navigation
Cameras (Navcam)

11

thm_day_ir_v12

D18_034208_1776_XN_02S005W
D05_029092_1771_XN_02S006W
P15_007058_1751_XI_04S006W
P13_005990_1786_XI_01S006W
P06_003511_1779_XI_02S005W
ESP_036753_1775_RED
ESP_036753_1775_COLOR
ESP_018701_1775_RED
DTEEC_018701_1775_018846_1775_U0
1
ESP_050388_1770_RED
ESP_029092_1770_RED
DTEED_029804_1770_029092_1770_A
01
H1183_0000_DA4.IMG
H1183_0000_ND4.IMG
H2075_0000_DA4.IMG
H2075_0000_ND4.IMG
1P451062671RSDCCLCP2416L2M1
1P451062909RSDCCLCP2416L2M1
1P451063264RSDCCLCP2416L2M1
1P574096878RSDD1BOP2436L5M1
[1N453018304RSDCD99P1755L0M1,
1N453018154RSDCD99P0655L0M1,
1N453018206RSDCD99P1755L0M1,
1N453018102RSDCD99P0655L0M1],
[1N469622055RSDCJL1P0715R0M1,
1N469621968RSDCJL1P0715L0M1,
1N469621917RSDCJL1P0715L0M1,
1N469621866RSDCJL1P0715L0M1],
[1N480541969RSDCMQ3P1968L0M1,
1N480541996RSDCMQ3P1968L0M1,
1N480542023RSDCMQ3P1968L0M1,
1N480542050RSDCMQ3P1968L0M1],
[1N523857274RSDCRPUP1826L0M1,
1N523857136RSDCRPUP1826L0M1,

1N523856998RSDCRPUP1826L0M1,
1N523772427RSDCRPUP0693L0M1,
1N523772587RSDCRPUP0693L0M1,
1N523772269RSDCRPUP0693L0M1,
1N524032893ETHCRPUP1921L0M1],
[1N532467113RSDCTKWP1957L0M1,
1N532467309RSDCTKWP1957L0M1,
1N532467469RSDCTKWP1957L0M1,
1N532559148RSDCTKWP1958L0M1],
[1N547039157RSDCYROP1985L0M1,
1N547039448RSDCYROP1985L0M1,
1N547039630RSDCYROP1985L0M1,
1N547039789RSDCYROP1985L0M1],
[1N578897026RSDD2EXP1961L0M1,
1N578897323RSDD2EXP1961L0M1,
1N578897509RSDD2EXP1961L0M1,
1N578897174RSDD2EXP1961L0M1],
[1N579430804RSDD2FAP1981L0M1,
1N579431599RSDD2FAP1950L0M1,
1N579431743RSDD2FAP1950L0M1,
1N579431902RSDD2FAP1950L0M1]

2.2 Regional Context
Only the highest of Endeavour’s rim segments are exposed, typically rising several tens
of meters above the plains, with some rim segments rising up to ~150 m (Crumpler et al., 2015;
Grant et al., 2016). The rim segments explored by Opportunity are underlain by Shoemaker
formation rocks, which include ejecta deposits and underlying protolith (i.e. pre-existing uplifted
crust) (Arvidson et al., 2014; Crumpler et al., 2015; Mittlefehldt et al., 2018b). These rocks are
embayed by poorly consolidated Grasberg formation silt- to sand-sized deposits of basaltic
composition (Crumpler et al., 2015). The Grasberg formation deposits in turn are overlain by
widespread Burns formation sulfate-rich sandstones that dominate the plains that surround
Endeavour, and have thicknesses of up to hundreds of meters (e.g., Arvidson et al., 2015; Glotch
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et al., 2006; Grant et al., 2016; Grotzinger et al., 2005; McLennan et al., 2005; Noe Dobrea et al.,
2012; Squyres et al., 2009; Wray et al., 2009) (Figures 2.1 and 2.2). Both units pinch-out as they
approach the rim segments, with the thin Grasberg formation rocks exposed for only a few
meters between the rim rocks and outcrops of Burns formation rocks. The Grasberg formation is
enigmatic in terms of origin and may have been emplaced via regional-scale ash falls that ended
before emplacement of the Burns formation rocks (Crumpler et al., 2015), or emplaced as
regional dust and sand mobilized in the period of erosion before the deposition of the Burns
formation. It is unlikely that the Burns formation deposits ever completely buried Endeavour’s
rim because there are no hydrated sulfate spectral signatures on the exposed rim segments as
observed from Mars Reconnaissance Orbiter Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) data (Noe Dobrea et al., 2012; Wray et al., 2009). Opportunity also hasn’t
observed any Burns outcrops in protected areas higher along the crater rim, and the contacts
between the Burns and the rim and Grasberg formation are well defined. It is not clear whether
the Grasberg formation deposits once thinly covered Endeavour’s exposed rim segments and
have subsequently been eroded back to their current position. Based on crater counts, the Burns
formation rocks on the plains surrounding Endeavour were emplaced during the Late Noachian
to Early Hesperian Epochs (Arvidson et al., 2006), with an environment of deposition interpreted
to be formation of sulfate-rich muds in ephemeral playas, with subsequent reworking by water
and wind into sandstones deposited in a dune, inter-dune setting (Grotzinger et al., 2005;
McLennan et al., 2005). In the USGS global geologic map of Mars the Burns formation is
included in the Hesperian and Noachian highland undivided unit (Tanaka et al., 2014).
Endeavour’s interior exhibits a distinct mound that is offset to the north relative to the
crater center (Figure 2.2). The mound is surrounded on its southern, eastern, and western sides
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by a trough, with a relief between the highest portion of the mound and the southern trough of
~0.3 km. The sides of the mound exhibit layered outcrops with spectral signatures from CRISM
data that indicate the presence of layered sulfate-bearing outcrops, with a few smectite-bearing
layers (Noe Dobrea et al., 2012; Wray et al., 2009). The strata exposed on the mound are
interpreted by us to be equivalent to the Burns formation rocks found on the plains surrounding
Endeavour, likely deposited during periods of rising ground water in a manner similar to the
environments surrounding the crater, i.e., deposition in shallow playas followed by reworking by
wind and water into sulfate-bearing sandstones. It is possible that a spring-related facies of the
Burns formation may have been deposited on the inner rim slopes, where radial and
circumferential fractures associated with the impact may have facilitated enhanced hydraulic
conductivities during rising ground water events.
Numerical modeling of flow over Martian craters by Day et al. (2016) shows that winds
erode interior deposits in an asymmetric fashion, with wind transport of sediment up and out of
the crater. The mound present on the northern part of Endeavour’s floor, together with the rimhugging trough, imply that wind erosion has excavated Grasberg and Burns formation rocks
within the crater, as suggested by Grant et al., (2016), and is consistent with predictions from
Day et al. (2016). Opportunity’s Rock Abrasion Tool (RAT) rock grinds have been used to
retrieve specific grind energy (SGE) in J/mm3 values for both Shoemaker and Burns formation
rock targets (Bartlett et al., 2005). These two rock types have similar SGE values (Arvidson et
al., 2014; Clark et al., 2005; Crumpler et al., 2014), supporting the idea = wind strengths
modulated by the crater topography have been the dominant factor in eroding the interior
deposits and crater rim.
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The orientation of the interior mound and trough is also consistent with mesoscale
atmospheric modeling over Endeavour that shows a dominant wind regime with winds coming
from the east to the southeast for multiple hours each sol (Chojnacki et al., 2011; Fenton et al.,
2015). In addition, Fenton et al. (2015, 2018) have shown that longer term regional-scale
easterlies are predicted to be the dominant sediment-moving winds, consistent with the northsouth oriented crest lines associated with wind-blown ripples that cover much of the Meridiani
plains (Arvidson et al., 2011).
The Noachian age cratered terrain exposed to the south of Burns formation outcrops is
cut by numerous channel systems interpreted to be of fluvial origin (Figure 2.1), with significant
inferred erosion and transport of sediment from the cratered terrain highlands to the lowlands
located to the northwest of Meridiani Planum (Hynek & Phillips, 2001; Newsom et al., 2003).
This heavily cratered terrain is a part of the Middle Noachian highland unit, which is extensive in
the southern highlands (Tanaka et al., 2014). Erosion rates during the Noachian Period are
interpreted to be comparable with the lower end of fluvial erosion rates on Earth and are much
too high to be explained by wind erosion alone (Golombek et al., 2006, 2014). Based on
morphologic data, Grant et al. (2016) concluded that Endeavour was significantly degraded by
weathering and fluvial processes by an active surface hydrologic system during this early period.
Based on regional-scale embayment relationships, significant degradation by fluvial and
associated processes (e.g., enhanced weathering rates relative to present values) in Meridiani
Planum, including Endeavour, clearly predated deposition of the Grasberg and Burns formation
rocks (Arvidson et al., 2006; Squyres et al., 2012) (Figure 2.1). Thus, the region of interest
transitioned from erosion and transport of material via fluvial processes, to a depositional site
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accumulating Grasberg formation rocks and a thick section of sulfate-rich Burns formation
deposits, including outcrops within and around Endeavour.
The downhill gradient from the southern cratered terrain highlands to the northwestern
lowlands provided the regional gradient for fluvial incision and erosion during the early period
when surface hydrology was a dominant process (Hynek & Phillips, 2001). In addition, regionalscale hydrologic modeling by Andrews-Hanna et al. (2007) demonstrated that groundwater
sourced from the southern highlands would have preferentially reached the surface in the
Meridiani Planum region, providing the rising groundwater needed to generate the playa
environments associated with deposition of the Burns formation. Since emplacement of the
Burns formation rocks the region has been subjected to significant wind erosion, including the
previously mentioned excavation of deposits within Endeavour crater.
Bopolu, a 19 km diameter crater located ~65 km to the southwest of Endeavour crater, is
relatively fresh in appearance in contrast to Endeavour’s degraded morphology. Bopolu’s ejecta
deposits are superimposed on the surrounding Meridiani plains (Figures 2.1 and 2.3) and crater
formation thus post-dates emplacement of the Burns formation rocks and the impact event that
produced Endeavour. The crater size frequency distribution derived from Bopolu’s ejecta deposit
indicates an age of ~3.5 Ga (i.e., Hesperian, Figure 2.4), which is only several hundred million
years younger than the Endeavour crater.
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Figure 2.3: Color-coded elevations from HRSC data are overlain on a CTX image covering
Bopolu crater (D05_029092_1771_XN_02S006W) (2°57'41.90"S, 6°17'39.86"W), along with
HiRISE images of the crater center (esp_029092_1770_red), labeled ‘a’, and eastern rim
(esp_050388_1770_red), labeled ‘b’, which are outlined in black. The perspective view shown in
Figure 2.5b is outlined in a dashed black line and labeled. The white dashed boxes show the
locations for the HiRISE-based slope measurements as summarized in Figures 2.21b and 2.22.
Locations of topographic profiles going roughly north-south and west-east over Bopolu Crater
are also shown, along with the profile data which has a 10X vertical exaggeration. Note the
presence of interior terraces evident on the northwestern side of the crater. The general location
of the mound and trough within Bopolu are labeled for clarity.
Bopolu’s rim is continuous, rising between ~0.3 to 0.5 km above the surrounding plains
and ~1.75 km above the crater floor (Grant et al., 2016) (Figures 2.2 and 2.3). Figure 2.5 shows
perspective views of the rims of the two craters, illustrating the extent to which Endeavour’s rim
has been eroded and largely buried, whereas the interior rim and walls of Bopolu are well
exposed. For example, Bopolu’s exterior rim slopes range from ~19 to 26˚, whereas Endeavour’s
exterior rim slopes explored by Opportunity range from 6 to 9˚. Bopolu’s interior rim and walls
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slope ~27 to 30˚ toward the interior whereas Endeavour’s exposed rim segments explored by
Opportunity slope ~18 to 21˚ toward the interior. The spurs and valleys on Bopolu’s interior rim
are sharp and well-preserved, with a relief of ~40 m, as compared to the rounded morphology
and a few meters of relief for mound-like features on Endeavour’s interior rim. HiRISE images
and associated elevation data show evidence for a minor amount of infilling within Bopolu’s
floor, with planar deposits that have been partially eroded and are interpreted to be wind-blown
materials due to their current stripping by wind and the presence of a large number of dunes on
the crater floor. Where the layers are exposed they exhibit a relief of a few tens of meters.
Bopolu’s floor deposits have been shaped into a mound and moat with a geometry broadly
similar to what is seen for Endeavour’s floor. Bopolu exhibits interior terraces, particularly on
the northwestern side. The subdued nature of the terraces is also consistent with partial crater
infill. The broadly similar shapes of the partially eroded interior deposits within Bopolu and
Endeavour suggest that they both have been subjected to the same erosional wind regimes,
consistent with their close proximity.
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Figure 2.4: (a) Crater statistics were generated using the area of Bopolu ejecta deposit (blue) and
the craters that superpose the ejecta (red), mapped on CTX data in ArcGIS using CraterTools
software (Kneissl et al., 2011). CTX images P15_007058_1751 (5.36 m scaled pixel width),
P13_005990_1786 (5.4 m scaled pixel width), and P06_003511_1779 (5.34 m scaled pixel
width). (b) Craterstats software was used to compile reverse cumulative histograms using
pseudo log bins to obtain an estimated absolute age of Bopolu based on the chronology function
of Hartmann & Neukum (2001) and production function from Ivanov (2001). The estimated
absolute age of 3.47 (+0.08/-0.15, based on Poisson statistics) Ga for Bopolu crater is based on
15 craters with diameters ranging from 0.7 km to 2km.
The fresh appearance of Bopolu relative to Endeavour provides further evidence that the
number and intensity of degradation processes diminished in magnitude by ~3.5 Ga compared to
earlier times, and largely dominated by wind-related processes, minor amounts of weathering,
and mass movements. This is also consistent with the timing of the precipitous two to three order
of magnitude drop in erosion rates estimated during the Noachian as compared to the Hesperian
and Amazonian Periods (Golombek et al., 2006, 2014). Given its proximity and comparable size
to Endeavour, Bopolu thus provides a model for a younger, less-degraded version of Endeavour,
and is used in this paper as a starting point for simulating the various processes that have likely
modified a relatively fresh version of Endeavour.
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Figure 2.5: Perspective views of Endeavour crater’s western rim (a, see Figure 2.2 for context)
and Bopolu Crater’s eastern rim (b, see Figure 2.3 for context). Both perspective views are at the
same scale and have a vertical exaggeration of 3X. Opportunity’s traverse is shown in white and
Marathon and Perseverance Valleys are labeled on Endeavour’s rim. The black dashed line on
Bopolu’s perspective view shows the boundary of the HiRISE coverage (see Figure 2.3 for
context).

2.3 Combined orbital and rover-based observations of
Endeavour’s rim segments
The combination of HRSC, CTX, and HiRISE data (Table 2.1) provides an orbital-based
data set for characterization of exposed Endeavour rim segments, as well as context for roverbased data. Panoramic Camera (Pancam), Navigation Cameras (Navcam), and Hazard
Avoidance Cameras (Hazcam) images, together with arm-based Microscopic Imager (MI)
images and Alpha Particle X-Ray Spectrometer-based (APXS) soil and rock composition data
(Squyres et al., 2003) derived from Opportunity’s observations of Cape York, Botany Bay, and
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Capes Tribulation and Byron (Figure 2.2), provide detailed, in situ observations of the exposed
rim segments. Combining the orbital and surface-based data sets provides a unique opportunity
to understand in detail the nature of the materials and morphologic character of these degraded
rim segments. Thus, in this section of the paper, orbiter and rover-based data are used to
characterize terrain units on and adjacent to Endeavour’s Capes Tribulation and Byron rim
segments, and to infer the origin and evolution of each unit. For reference, Figure 2.6 shows
terrain units inferred from analyses of the data sets (discussed more fully in the next subsection),
annotated with locations and acquisition sols of the rover-based images used to illustrate the
nature of the mapped units. Characterizing the different terrain units also provides constraints on
landscape modeling results discussed in Section 2.4 of this thesis.

Figure 2.6: Terrain unit map of the western rim of Endeavour crater on and near Opportunity’s
traverse is shown overlain on a HiRISE-based mosaic. Locations of the Grasberg and extensive
Burns formation outcrops are shown. Units for the rim segments include rim crests and
pediments. The rim crest unit includes the steep interior rim slopes. Bright ripple fields are also
mapped where they obscure the bedrock. Specific sol numbers are labeled for context with
ground images shown in Figures 2.7-2.9, 2.12-2.14, and 2.16-2.18.
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2.3.1 Opportunity’s Observations
Rim segment areas discussed in this section include the rim crest, the interior and exterior
rim slopes on Cape Tribulation, as well as Marathon and Perseverance Valleys, which were
extensively examined using Opportunity’s imaging and contact science instruments. The very
northern portion of Cape Byron was also explored by Opportunity, although only cursory
measurements were made on this cape. Characteristics described in chronological order of
Opportunity’s traverses include the dimensions and slopes of major geomorphic features,
together with the compositions and textural nature of bedrock, regolith, and wind-blown
deposits.

Figure 2.7: Color Pancam image mosaic from Sol 3637 on Murray Ridge looking south toward
Cape Tribulation, showing the subdued nature of the rim crest unit and the gentle rim slope out
to the exterior plains. Cape Byron, the next rim segment, is hidden from view by Cape
Tribulation. The pediment unit on the exterior of the rim is labeled, as well as the rim crest unit,
and the interior Burns deposits within Endeavour.
Terrain units on the exposed rim segments are evident in the Pancam color image mosaic
acquired near the northern tip of Cape Tribulation on Sol 3637 (Figure 2.7). Cape Dromedary is
located in the far field and Cape Tribulation in the near-field. The view is to the south,
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dominated by the highest portion of Cape Tribulation, which rises ~90 m above the western
plains, and based on both HiRISE and Opportunity observations, slopes ~21° toward the crater
interior, and ~6 to 10° toward the exterior plains. The rounded nature of the rim crest unit is
evident, as is shallow crater interior. Rocky outcrops that are characteristic of the rim crest unit
dominate the mosaic mid-field, including exposures at the topographic rim, together with the
steep interior portion of the rim. The nearfield exhibits a pebble-strewn surface and thin regolith
cover that is partially covered with modern aeolian ripples. Finally, a highly foreshortened view
of the pediment terrain unit that occupies the outer rim slope is evident toward the upper right of
the mosaic, with its characteristic low slope relative to the inner rim.
Opportunity’s observations demonstrate that the rim crest unit for Cape Tribulation (and
Cape Byron, see Figure 2.2) is largely underlain by upper Shoemaker formation rocks. The rocks
consist of a clast-rich breccia of basaltic composition, with clasts embedded in a lighter-toned,
possibly glassy, matrix (Crumpler et al., 2015; Mittlefehldt et al., 2018b). These rocks are
interpreted to have been deposited as ejecta from the Endeavour crater impact event, and have
remained largely unaltered by aqueous processes, except along and near fractures (Arvidson et
al., 2014, 2016; Crumpler et al., 2015; Farrand et al., 2016; Mittlefehldt et al., 2016, 2018a;
Squyres et al., 2012). Fracture-related evidence for aqueous processes include calcium sulfate
veins, manganese oxides mixed with sulfate-bearing minerals excavated by the rover’s wheels in
a regolith-filled fracture, and hematite signatures adjacent to fractures. Figure 2.8 shows a
Navcam image acquired on Sol 3659 that illustrates the typical rocky nature of the rim crest unit.
In this case the rocks exhibit a layered or foliated texture, with a thin regolith cover located in
between and downhill of the outcrops.
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Figure 2.8. Navcam mosaic from Sol 3659 on Murray Ridge looking south at a typically
appearing rim crest unit that appears subdued and has little regolith cover.
Cape Tribulation’s outer rim slopes were examined during Opportunity’s traverses and
where extending from relatively high rim segments present a fan-like shape in plan-view. They
are mapped as the pediment surface (Figure 2.6). This unit is characterized by thin regolith
deposits and aeolian ripples over graded upper Shoemaker formation bedrock (Figure 2.9). The
pediment surfaces are embayed on the west by Grasberg and Burns formation outcrops.
Opportunity-based images show that the contact between the pediment surfaces and embaying
Grasberg and Burns formation rocks does not show rim-based (i.e., sourced from Shoemaker
formation rocks) debris extending onto these younger deposits.
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Figure 2.9: Navcam mosaic from Sol 3846 on the exterior of Cape Tribulation covering the
pediment unit, with a gentle slope of ~6° and thin regolith cover consistent with sheetwash
erosion in an arid environment. Rocks associated with the Hueytown fracture are visible. In the
far ground the pediment is mantled by a thin cover of aeolian ripples.
The interior rim morphology of Cape Tribulation was explored and characterized in detail
by Opportunity, beginning with a descent into Marathon Valley, and ending after the rover exited
Cape Tribulation to begin the exploration of Perseverance Valley (Figures 2.6 and 2.10). These
areas are mapped as part of the rim crest unit, including the two aforementioned valleys.
Marathon Valley is a gentle swale that cuts from west to east across Cape Tribulation. It is ~100
to 140 m across, and 20 to 30 m deep, as compared to the surrounding rim rocks (Figure 2.11).
Vertical topographic profiles extending across the valley show a shallow slope to the west of
where the valley intersects the rim crest, and a more steeply dipping valley floor on the inner rim
side of Cape Tribulation (Figure 2.11).
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Figure 2.10: Perspective view looking west over the western rim of Endeavour Crater.
Perseverance and Marathon Valleys are labeled, and Opportunity’s traverse is shown in white.
Beacon Rock, Spirit Mound, and Pompy’s tower are labeled. Pompy’s tower is visible in the
Navcam mosaic taken on Sol 4554 (Figure 2.14). The vertical exaggeration is 3 times.

Figure 2.11: HiRISE color image over Marathon Valley on the western rim of Endeavour crater
showing Opportunity’s traverse and the location of topographic profile A-A’. The profile is
shown on the right, extending from the western slopes through Marathon Valley and into the
interior crater deposits. Burns formation outcrop is labeled. The thick green line on the
topographic profile shows the location of Marathon Valley and shows a graded pattern that is
continuous from Shoemaker formation rocks into the crater interior. Any Burns formation
outcrops likely present on the east end of the topographic profile are obscured by sediment cover.
Polygonally fractured, relatively planar outcrops, with little to no regolith cover dominate
the western slopes leading up to Marathon Valley and within the valley proper (Figures 2.12 and
2.13). These deposits are mapped as lower Shoemaker formation and interpreted to be exposures
of the protolith, i.e., Noachian age crust that was uplifted during the impact event (Mittlefehldt et
al., 2018b), with upper Shoemaker formation ejecta deposited unconformably over these rocks.
The lower Shoemaker formation outcrops at this location show Fe-Mg smectite signatures based
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on analyses of CRISM data (Fox et al., 2016). Measurements from APXS within Marathon
Valley show that the outcrops are enriched in sulfur and magnesium as compared to the upper
Shoemaker formation targets (Mittlefehldt et al., 2016). In addition, pebbles located within
fractures bounding the outcrops were found to be enriched in aluminum and silicon, depleted in
iron and magnesium, and in some cases show spectral evidence for crystalline hematite (Farrand
et al., 2016; Mittlefehldt et al., 2016). Overall, the lower Shoemaker formation rocks are
interpreted to have been subject to mild alteration in an aqueous environment, including
isochemical alteration to produce the Fe-Mg smectite signature detected from CRISM data (Fox
et al., 2016; Mittlefehldt et al., 2016). These results are also consistent with Opportunity data
covering the Matijevic formation outcrops located unconformably beneath the upper Shoemaker
formation rocks on Cape York, i.e., another protolith exposure. Matijevic formation rocks have
also been altered in an aqueous isochemical environment, except along fractures where enhanced
Al and Si concentrations were measured and aqueous leaching of soluble elements was inferred
(Arvidson et al., 2014; Clark et al., 2016; Mittlefehldt et al., 2018b).

Figure 2.12: Navcam mosaic from Sol 3969 taken from the outer rim to the south of Marathon
Valley. Bright, subdued, fractured bedrock is evident in the foreground and the 25 m wide Spirit
of Saint Louis crater dominates the mid to far ground. See Figures 2.6 and 2.11 for context.
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Marathon Valley slopes average ~18° toward the interior of Endeavour, which is steeper
than the exterior slope (Figure 2.13). Topographic profiles from the top of the valley into the
interior of Endeavour exhibit graded trends that extend from the Shoemaker formation outcrops
downhill into the crater interior. Endeavour’s interior rim slopes were explored after Opportunity
exited Marathon Valley and headed to the south to characterize the inner rim structure and
morphology, and to examine Shoemaker formation rocks (Figures 2.6 and 2.10). The slopes
traversed are relatively steep, ranging from 18 to 21°, with outcrops evident as rounded mounds
typically a few meters to less than a meter in height. Beacon Hill was one of the largest mounds,
extending ~25 m across and ~5 m in height relative to surrounding areas. Boulder fields are
evident extending downhill from some of the larger mounds. Terrain in between the mounds was
found to be dominated by graded outcrops with thin regolith, and in some cases, a partial cover
of aeolian ripples (Figure 2.14).

Figure 2.13. Navcam mosaic from Sol 4456 looking down Marathon Valley showing the
fractured, subdued nature of the bedrock and thin regolith cover. See Figures 2.6 and 2.11 for
context.
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Figure 2.14: Navcam mosaic from Sol 4554 over the inner slopes of Cape Tribulation showing a
steeper interior slope compared to the exterior slopes, minimal regolith cover, and a field of
boulders implying downhill mass movement of rocks from the rim crest. A subdued, rounded
outcrop is visible downhill, named Pompy’s Tower, which is ~2 m high and ~10 m wide. See
Figure 2.11 for context.
Perseverance Valley, located in a gentle swale between Capes Tribulation and Byron,
was a key exploration target for the Opportunity rover because of its anastomosing channel-like
appearance and the possibility that the valley was carved by water. The valley is ~200 m in
length, up to a few 10s of meters in width, less than ~1 m deep, with a mean slope based on
Opportunity and HiRISE data toward the crater interior of Endeavour of ~15°, again steeper than
the exterior slope of a few degrees (Figure 2.15).
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Figure 2.15. HiRISE color image over Perseverance Valley. A topographic profile is shown
using the HiRISE data from the western slopes through Perseverance Valley, and into the interior
crater deposits. Opportunity’s traverse is shown in white. The topographic profile is graded and
continuous from Perseverance Valley through the Grasberg and Burns formation exposures. The
location of Perseverance Valley is outlined as a thick green line on the profile, the Grasberg
formation exposure is outlined in purple, and the Burns formation exposure is outlined in red.
Small meter-scale variations in topography within Perseverance Valley are evident.
The western slopes leading up to Perseverance Valley show subdued outcrops with thin
regolith cover (Figure 2.16). Linear rock alignments are evident close to the rim crest, with
strikes that are roughly perpendicular to the rim. Unfortunately, these rock alignments were not
investigated in detail because of the need to position the rover within Perseverance Valley to
gather enough sunlight to survive the southern hemisphere’s winter season. Rocks examined by
Opportunity during its exploration of the western approach to the valley, and within the valley
proper, are interpreted to be a combination of upper and lower Shoemaker formation outcrops,
with the boundary between the two units located in the upper valley area (Mittlefehldt et al.,
2018b). Views from within Perseverance Valley show a dominance of lower Shoemaker
formation linear outcrops oriented roughly perpendicular to the rim crest, and separated by
shallow, regolith-filled troughs (Figures 2.17 and 2.18). The outcrops show varying textural
properties, including flat, fractured outcrops, tabular rock exposures, rocks with pitted surfaces,
and outcrops that are dominated by rubble and/or vesicular textures (Crumpler et al., 2018;
Mittlefehldt et al., 2018b). Outcrops of the pitted rocks are enriched in silicon and aluminum
(Mittlefehldt et al., 2019). The rock alignments are interpreted to be a surface manifestation of a
radial fracture system produced during the Endeavour impact event, perhaps as a scissor fault
system (Crumpler et al., 2019).
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Figure 2.16: Navcam mosaic from Sol 4718 looking south just to the west of Perseverance
Valley. Rock alignments are evident extending radially from the head of the valley. See Figures
2.6 and 2.15 for context.

Figure 2.17. Navcam mosaic from Sol 5083 looking up Perseverance Valley. La Bajada was the
site of in-situ extensive measurements by Opportunity. Note the alignment of outcrops with
tabular and pitted textures.
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Figure 2.18. Navcam mosaic from Sol 5077 looking down Perseverance Valley. The relatively
large outcrop Ysleta del Sur is labeled together with the Aguas Calientes target, as well as the
exposure of Burns formation rocks downhill from Perseverance Valley. Numerous wheel tracks
are evident in regolith disturbed during Opportunity’s travels. This includes a bright, disturbed
regolith patch within the pitted rocks outcrop. See Figure 2.15 for context.
A particularly illustrative set of images within Perseverance Valley were acquired when
Opportunity was positioned over the Ysleta del Sur outcrop for detailed contact science
measurements. This outcrop consists of planar, fractured deposits with surfaces that have been
shaped into a set of cm-scale knobs that include tails pointing uphill (Sullivan et al., 2018)
(Figure 2.19). This morphology is also consistent with the presence of meters to 10’s of metersscale features evident in HiRISE images for the Cape Dromedary rim segment to the south of
Perseverance Valley (Figure 2.20). These features also include tails that point up and out of the
crater. Finally, we note that the topographic profile extending from the top of the valley inward
toward the crater floor shows the same graded trend as found for the profile for Marathon Valley,
from Shoemaker formation outcrops continuing downhill across outcrops of Grasberg and Burns
formation deposits.
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Figure 2.19: (a) Color Pancam mosaic from Sol 5023 over the target “Aguas Calientes” located
on Ysleta del Sur in Perseverance Valley (see Figure 2.18 for context). The black square shows
where an MI mosaic was taken over the target. (b) MI mosaic taken over “Aguas Calientes” on
Sol 5024. The width of this image is ~4.5 cm. In the Pancam and MI mosaics, knobs made of
clasts are visible on the cm-scale, with tails pointing up and out of Perseverance Valley. The
arrows show the uphill direction.

Figure 2.20. HiRISE image color-coded with elevations covering a portion of Cape Dromedary.
Linear topographic features interpreted to be yardangs are visible pointing up and out of the
crater. The arrow shows the uphill direction. Perspective view with 3 times vertical exaggeration
shown in lower right.
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2.3.2 Integrated Interpretation of the Nature and Extent of Endeavour’s
Degradation
In this section the observations described in the previous sections of this paper are used to
provide insight into the processes that modified Endeavour crater. Quantification of the
importance of various processes that have operated to degrade Endeavour, together with their
temporal variations, are assessed using realistic landscape modeling in Section 2.4.
The rounded, degraded nature of Endeavour’s rim segments as compared to what is found
for Bopolu based on orbital data alone is certainly reinforced based on Opportunity’s
observations. The relatively unaltered nature of the upper Shoemaker formation, and even the
lower Shoemaker formation rocks observed from orbit, and from Opportunity, argues for a
dominance of physical over chemical weathering for currently exposed rocks. Any chemically
weathered material that may have accumulated on the rim must have been removed by erosion
and transport by water, mass movements, and/or wind. In addition, the thin to non-existent
regolith cover on the rim crests is consistent with inferred current low rates of rock breakdown
and removal by physical processes. The observation that regolith sourced from breakdown of
Shoemaker formation rocks has not covered Grasberg or Burns formation outcrops downhill of
the exterior western rim slopes also implies low rates of rim rock weathering and downslope
movement of resultant debris since emplacement of Grasberg and Burns formation rocks.
The interior rim of Cape Tribulation is steeper than the western rim and consistent with
degradation producing rounded spurs and gullies, and downhill transport of regolith and rocks by
mass wasting. On the other hand, the exterior of the western rim, with its gentle slopes and thin
regolith cover over graded bedrock merging uphill to rim crest outcrops, is reminiscent of
terrestrial piedmont surfaces (e.g., Dohrenwend & Parsons, 2009). Piedmont morphology on
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Earth occurs in semiarid to arid regions, with bedrock exposed in hills and mountains, followed
downhill with pediments, which are graded, gently sloping surfaces with little regolith cover.
Pediments are a region of sediment transport, typically induced on Earth by sheetwash. The
distal ends of pediments merge into alluvial fan systems, which are the deposition zones,
carrying sediment eroded from the rocky hills and mountains.
One issue with a piedmont interpretation for Endeavour’s western rim slopes is that the
pediment-like surfaces on the exterior of Endeavour’s rim segments are steeper (~6 to 10°) and
shorter (0.1 to 0.6 km) than some pediment surfaces located in the Sonoran and Mojave Deserts
(~1 to 9° and 0.4 to 5 km) (Mammerickx, 1964), although they are less steep than the outer rim
of Bopolu (~19 to 22°) (Figures 2.21 and 2.22). A likely reason for the relatively steep outer
western rim slopes relative to terrestrial analogs is that the distal ends of the outer rim of
Endeavour have been buried by the Grasberg and Burns formation rocks. Thus, the extent of a
fully developed pediment and fan system is likely masked.
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Figure 2.21: (a) HiRISE image colored-coded with HiRISE-derived elevations
(dteec_018701_1775_018846_1775_u011) over the western rim of Endeavour crater. The
location is shown in Figure 2.2. The white lines show the locations for topographic data plotted
in Figure 2.22. (b) HiRISE image color-coded with HiRISE-derived elevations
(dteed_029804_1770_029092_1770_a011) over central Bopolu Crater, cropped to show only the
northern and southern rim segments. The locations are shown in Figure 2.3. The white lines
show the locations for topographic data plotted in Figure 2.22.
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Figure 2.22. Plots of the length and slope of crater rim interiors and exteriors and selected
terrestrial pediments (Mammerickx, 1964). Length and slope data are from Endeavour crater’s
western rim segments and Bopolu crater’s northern and southern rim (Figure 2.21) as well as
data from the final simulated topography after modeling degradation of the fresh Bopolu Crater
(Figure 2.24). Data for Perseverance and Marathon Valley slopes are labeled. Note how modeled
Endeavour outer rim profiles match terrestrial pediment data.
As noted in Section 2.2, deposits within Bopolu and Endeavour craters are interpreted to
be eroded by wind in an asymmetrical fashion, with flow into and then out of the crater interior.
This flow pattern is consistent with an interpretation of knobs and tails pointing uphill as
miniature yardangs observed in Perseverance Valley, and larger yardang features on Cape
Dromedary, both sets of landforms being carved by winds flowing up and out of the crater. We
also hypothesize that the graded topographic profiles for Marathon and Perseverance Valleys
extending from Grasberg and Burns formation deposits to the valley rim crests are due to wind
erosion, which would have transported materials up and out of Endeavour. Wind erosion has also
been a dominant process in eroding the nearby, 750 m-diameter Victoria crater (Grant et al.,
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2008). We return to this topic in Section 2.5, after first providing quantitative estimates of early
fluvial and associated processes inferred to have degraded Endeavour.

2.4 Landscape Evolution Modeling of Endeavour Crater
In this section quantitative simulations of the degradation of Endeavour crater are
described using the topography of the younger and fresher Bopolu crater (Figure 2.23a) as a
starting point. Simulations were conducted using the Landscape Evolution Model, MARSSIM,
which is based on the detachment-limited drainage basin evolution model described by Howard
(1994). The intent of landscape modeling is to simulate the effects of the Noachian fluvial period
using Bopolu’s morphometry as a starting point. The objective is to produce the dimensions,
morphology, and regolith cover observed for Endeavour and to better understand the evolution of
these parameters through time. The model was also used to estimate the probable thickness of
fluvial-deltaic-lacustrine floor deposits based on the volume of material eroded from the crater
rim during the fluvial period. The deposition and erosion of Grasberg and Burns formation rocks
is beyond modeling capabilities and is discussed in Section 2.5.
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Figure 2.23. (a) Shaded relief image of the starting model topography from Bopolu Crater
overlain with color-coded elevation data. (b) Modeled topography after simulating the fluvial
period in an arid environment. (c) Slopes calculated from the modeled topography. Note the
moderate channeling carved into the interior rim and walls. The plateau with thick regolith
deposits to the north of the crater is associated with the relatively flat surface on the north and the
sloping surface to the south of Bopolu. (d) Regolith thickness at the end of the fluvial period
which is mostly absent on the crater rim, consistent with ground observations.
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2.4.1 MARSSIM Landscape Evolution Model
A brief summary of the MARSSIM model is presented in this section to provide context
for our simulations and inferred results for the fluvial degradation of Endeavour. The reader is
referred to papers by Barnhart et al., (2009); Forsberg-Taylor et al., (2004); Howard, (1994,
1997, 2007); Howard et al., (2005); and Matsubara et al., (2011, 2018) for detailed discussions of
model development and past applications to the fluvial history of Mars.
The MARSSIM model is based on use of an initial gridded topographic surface subject to
uniform precipitation and evaporation rates, with simulation of the relative importance of
precipitation and evaporation codified as the X-ratio:
X = (E-P) / PRB

(2.1)

where P is the precipitation rate, E the evaporation rate, and RB is the fraction of precipitation
that contributes to runoff. The denominator provides the runoff rate. A higher X-ratio indicates a
more arid environment, whereas a lower X-ratio is typical of a more humid environment. The Xratio is thus the forcing function for the efficacy of fluvial processes and their impact of changing
the morphology of the modeled surface.
In MARSSIM the runoff rate, PRB, is applied to each grid cell using the Manning
Equation for steady uniform flow. The cell of interest and surrounding cells are used to define
the direction and velocity of downhill runoff along the steepest downhill slopes. The rate of
fluvial erosion is based on whether regolith (relatively high rate) or bedrock (relatively low rate)
underlies a given cell, together with the shear stress applied to the surface by the runoff.
Channels form from runoff and collect into an integrated drainage system, where channel
discharge at any given location is assumed to be a power law dependence on upstream drainage
area. Bedrock erodibility by fluvial action is another parameter that can be set within the model,
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with erodibility of regolith assumed to be a specified fraction of the bedrock value. Both are
assumed to be proportional to the shear stress exerted by the flow on the lower boundary. The
shear stress defines both the carrying capacity and competence for sediment transfer, with
deposition occurring when shear stress decreases below a critical value within a given drainage
system. The final parameter for modeling fluvial processes is the assumed grain size for regolith,
with values ranging from gravel to sand.
Two other important MARSSIM parameters defining the evolution of the
landscape are the rate at which bedrock is weathered to regolith, and the rate of diffusive mass
wasting of regolith from topographically high to low areas. The weathering rate is assumed to
decrease exponentially with increasing thickness of the overlying regolith. For mass wasting of
regolith a nonlinear creep model is used to simulate downhill migration of regolith material, for
which the reader is referred to the citations quoted earlier in this section of the paper.

2.4.2 MARSSIM Simulations and Implications
Our simulations were based on the elevation model for Bopolu as a starting point (Figure
2.23a), using a cell size of 75 m and an array size of 560 columns and 611 rows. The cell size
and array dimensions allow modeling of changes in the crater with time as fluvial, weathering,
and mass movements occur in a manner in which changes are evident and computational times
are reasonable. Finer grid sizes were employed in experimental runs, but did not provide much
additional information. For the simulations we experimented with various combinations of
parameters, with an intent to replicate the rounded rim crests, relatively steep interior relative to
the exterior rims, thin to non-existent regolith cover on the rim crest and outer rim slopes, and
pediment surfaces on the outer rims, i.e., using the combination of orbital and rover-based
observations to characterize the current state of Endeavour’s rim segments.
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To begin the simulation exercise we first explored parameter space, varying the X-ratio
from humid to semiarid to arid conditions, with fluvial action varying synchronously with wet to
dry conditions. Bedrock erodibility and slope diffusivity were set to constant values. Runs
extended over a period of one million years. Wet conditions led to removal of the rim and almost
complete burial of the crater interior by fluvial-deltaic-lacustrine deposits. More arid conditions
led to less rim erosion and relatively shallow interior deposits. After conducting numerous
simulations we converged on the same set of values as derived from previous uses of MARSSIM
to evaluate landscape evolution during the Late Noachian Epoch (Howard, 2007; Matsubara et
al., 2011, 2018). Key parameters that best met our constraints were those used by Matsubara et
al. (2018) as shown in Table 2.2.
Table 2.2: Parameter Values Used in MARSSIM Simulations
Parameter
Explanation
Fluvial
Varied
period value
adopted from
Matsubara et
al., 2018

X-Ratio

𝑋=

(𝐸 − 𝑃)
𝑃𝑅𝐵

10

Post-fluvial diffusion
period values chosen
after experimentation to
produce lowered upper
interior slopes, fill in
interior channels, and
maintain pediment
surfaces
-

1.69E-02

-

0.3

-

1.0E-04

1.0E-04

The ratio of net lake
evaporation rate to runoff depth
(unitless).
Discharge
Constant (k)
Discharge
Exponent (α)
Bedrock
Erodibility (Kf)

𝑄 = 𝑘𝐴α

Determines the magnitude of
the discharge (Q) with the
discharge exponent.
Determines the efficiency of
runoff production from
precipitation.
The fluvial erodibility of the
bedrock. Lower values are
more resistant.
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Weathering
Rate

Rate of bedrock weathering
(conversion to regolith). Can be

Slope
Diffusivity

physical or chemical. (m yr )
Rate of diffusive mass wasting
of regolith

0.0005

0.000005

0.02

0.02

-1

2

-1

(m yr )

Model runs that best met the constraints were divided into a fluvial period and a more
quiescent post-fluvial period. Model runs show Endeavour at the end of the fluvial period
exhibited a moderately channeled interior rim and a floor partially filled with fluvial-deltaiclacustrine deposits sourced from rim erosion and associated back-wasting (Figure 2.23b). At the
end of this period the rim was lowered by ~0.3 km and back-wasted ~0.9 km at constant slope
for all but the rounded, upper portion of the interior rim, i.e., the portion explored by
Opportunity. The extent of rim erosion is consistent with values estimated by Grant et al. (2016)
by comparisons to fresh craters similar in size to Endeavour. The vertical and lateral erosion
removed mainly Upper Shoemaker formation ejecta, thereby eroding into the tectonic rim as
defined by Crumpler et al., (2019). The interior terraces evident in Bopolu were both eroded
(high parts) and buried by the end of the fluvial period (Figure 2.3). The outer rim surfaces were
shaped into pediments with slopes lowered from ~20 to ~5˚ (Figure 2.23c). Thin regolith covers
were present on the rim crests and both interior and exterior rims, including the pediments
(Figure 2.23d).
A possible issue with modeling landscape evolution by fluvial processes on Mars is the
time interval used. In our case we ran the model for ~1 Ma. This short interval is meaningful for
arid terrestrial environments, but the actual Martian fluvial activity likely was episodic,
punctuated by very brief periods of runoff events in between long times of quiescence (Howard,
2007; Matsubara et al., 2018). Thus the short timescale is related to the model, which can’t
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simulate long periods of inactivity. Another issue is that the use of Bopolu as a model to produce
a degraded Endeavour crater led to formation of plateau features to the north of the crater (Figure
2.23b). Generation of the plateaus on the northern part of the modeled topography is a
consequence of the relatively flat plains to the north of Bopolu as compared to the sloping
southern side. The plateaus formed where the low initial slope of the terrain to the north of the
crater led to very low values of fluvial erosion and transport. The plateaus are therefore an
artifact of the regional topography and not relevant to degradation of Endeavour.
A moderately channeled interior crater rim was evident at the end of the fluvial period
(Figure 2.23b). Channeling is not currently observed on Endeavour crater’s rim. To simulate the
next period of degradation, fluvial activity was turned off and only weathering and slope-induced
diffusion were left active. This post-fluvial period was meant to simulate the more arid
conditions that corresponded to the period of deposition of the Burns formation and the
subsequent erosion.
The rate of weathering for the post-fluvial period was set to two orders of magnitude
lower than the value used during the fluvial period (Table 2.2). The slope diffusivity value was
kept constant under the assumption that regolith downhill creep and mass movement rates would
still occur, but be regolith-limited. The net effect on Endeavour’s interior rim was removal of the
channel systems by erosion of bedrock and infill of lower areas. Upper interior rim slopes were
lowered from ~24 to ~18 degrees (Figure 2.24c). Pediment surfaces remained intact because of
their low starting slopes as compared to the inboard side of the rim, together with the low
weathering rates (Figure 2.24d). Regolith thicknesses likewise mimicked values observed by the
Opportunity rover on the upper rim, where little to no regolith was modeled or is present. The
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model produced a regolith thickness of ~20 m on the lower portions of the crater interior rim, a
value that cannot be confirmed from either orbital or rover-based data.

Figure 2.24. (a) Shaded relief image of the starting model topography overlain with color-coded
elevation. (b) Final modeled topography after taking the final elevation and regolith thickness
data from the model shown in Figure 2.23, and simulating only weathering, diffusion, and mass
wasting, i.e., without fluvial processes. (c) Slopes calculated from the modeled topography. (d)
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Final regolith thickness at the end of the model. Note the smoothed nature of the crater rim and
walls and the thin regolith cover. The final model is before emplacement of Grasberg and Burns
formation deposits.

2.5 Post-Fluvial Modification of Endeavour Crater
As noted in the previous section of this paper the accumulation of Burns formation rocks
likely occurred during the ending phase to shortly after fluvial activity ceased. To simulate this
deposition, we show the degraded Bopolu elevation model infilled to within 100 m of the
southern rim crests, assuming that within Endeavour the Burns formation rocks were emplaced
as flat-lying deposits (Figure 2.25). This is the approximate rim crest elevation of the Cape
Tribulation above the contact with the Grasberg and Burns formation outcrops. This shows that
the degraded rim would have been completely buried in some places by Grasberg and Burns
formation rocks, producing a set of disconnected rim segments.
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Figure 2.25. Left: Shaded relief image from the final modeled topography from Figures 2.24 and
2.26 with the blue area covering terrain that is at an elevation of -1544 meters or lower. This is
representative of the deposition of the Burns formation after the degradation of the crater. Right:
Topographic profile showing the elevation of the final modeled topography with the blue line
showing the deposition of the Burns formation up to -1544 m.

Figure 2.26. Topographic profiles of the initial model topography over Bopolu Crater, the final
modeled topography, and Endeavour’s current profile. Approximately 0.5 km of fluvial-deltaiclacustrine sediment were deposited in the crater interior, the rim is back wasted by ~0.9 km, and
the rim is lowered by ~0.3 km. The final modeled profile is for pre-emplacement of Grasberg
and Burns formation deposits.
Based on the modeled crater infilling of fluvial-deltaic-lacustrine deposits during the
fluvial period, together with the observed elevation of Burns formation outcrops within the
crater, we estimate that up to ~0.8 km of Burns formation rocks were deposited over the fluvialdeltaic-lacustrine deposits (Figure 2.26). This assumes that the emplacement was similar to what
occurred on the plains, where rising groundwater led to mud-rich ephemeral playas, with sulfaterich muds subsequently reworked into sandstones. The deposit thickness would have been less if
the rim-hugging Burns formation rocks were emplaced by a series of springs that were not at a
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common elevation. If deposition were a mix of rim-hugging spring deposits and crater-floor
playas then a lower limit for erosion of Burns formation rocks would be the relief between the
mound and trough, which is ~0.3 km, i.e., assuming the mound represents the last depositional
surface and the trough represents post-deposition removal of Burns rocks. In either case we
interpret removal of Burns rocks and formation of the mound and trough as due to wind action
(Anderson & Day, 2017), which is consistent with excavation of the interior deposits as proposed
by Day et al., (2016).
Figure 2.27 provides a notional view of deposition of Grasberg and Burns formation
rocks within Endeavour and how wind erosion is interpreted to have produced graded
topographic profiles from these rocks to Shoemaker formation rocks that underlie Marathon and
Perseverance Valleys (Figures 2.11 and 2.15). That is, the present expression of Marathon and
Perseverance Valleys is interpreted to be due to erosion by southeasterly to easterly winds that
shaped the moat and mound on Endeavour’s floor, the miniature yardangs observed by
Opportunity in Perseverance Valley, and the landscape-scale yardangs in Cape Dromedary.
Within this evolutionary framework, it is plausible that Perseverance Valley is a consequence of
continued wind erosion of a complex, preexisting fault system (Crumpler et al., 2019), without
the need for fluvial processes, debris flow, or landslides as valley-forming agents (Sullivan et al.,
2019).
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Figure 2.27: Plots showing how the vertical profiles of Endeavour’s rim have evolved from the
fluvial degradation through deposition and excavation of Burns formation rocks. Each diagram is
14 km across and there is 4X vertical exaggeration. The fresh (i.e. Bopolu) and final model
topographic profiles from Figure 2.25 are shown. (a) Deposition of fluvial-deltaic-lacustrine
deposits is shown. The fluvial-deltaic-lacustrine deposit thicknesses are slightly exaggerated to
show progradation onto the crater floor. (b) Deposition of the Grasberg near the rim and Burns
formation rocks is shown as one unit and assumed to be emplaced as horizontal strata. Wind
erosion of the interior deposits created the current topography of Endeavour Crater, shown as the
lower slope profile cutting into the deposits. (c) After the wind erosion, the crater rim has a
graded slope and an interior trough and mound with the interior Burns and Grasberg formations.

2.6 Conclusions
The Noachian-aged, 22 km diameter Endeavour crater has been largely buried by
younger Grasberg formation and Burns formation rocks, with only high standing crater rim
segments projecting above these sedimentary rocks. Use of orbital observations and the
extensive exploration and characterization of Endeavour’s western rim segments by the
Opportunity rover, combined with comparisons to the nearby and younger Bopolu crater (19 km
diameter), demonstrate that Endeavour has been significantly degraded. Landscape-scale
simulations using Bopolu as a starting model for a young Endeavour show that significant
weathering and mass wasting of the rim during an early period of fluvial activity explain most of
the topography and morphology evident on the rim segments. After this period the Grasberg and
Burns formation rocks were emplaced around and inside the crater. This was followed by a
period of wind erosion transporting sediment up and out of the crater, producing moats adjacent
to the inner rim segments and a mound asymmetrically placed toward the north side of the crater
floor (Figure 2.28). Wind also produced a graded topographic profile extending from the Burns
and Grasberg formation outcrops in the interior and up and through the rim rocks where shallow
valleys occur between rim segments. This included the region between Capes Tribulation and
Dromedary where Opportunity has been exploring Perseverance Valley. The accumulation of
evidence shows that the valley is consistent with formation as a wind excavated fracture system
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generated by winds blowing up and out of Endeavour. The excavation of Marathon Valley
likewise is interpreted to be a consequence of similar wind action.

Figure 2.28: Schematic representing the dominant processes that have affected Endeavour crater
through time, with the thickness of the bar indicative of relative intensity.
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Chapter 3: Canyon Wall and Floor Debris
Deposits in Aeolis Mons, Mars
Abstract
Aeolis Mons (informally, Mount Sharp) exhibits a number of canyons that extend from
the mound’s summit to its edge, including the Sakarya Vallis and Gediz Vallis. Canyons have
also cut into the edge of the mound, including a deep trifurcating ravine system with a distal fanlike deposit indicative of late-stage (i.e., post mound formation) fluvial activity. The canyons
exhibit poorly sorted debris deposits that extend down the canyon walls. Deposits within the
Sakarya Vallis and Gediz Vallis merge with debris on the canyon floors, which then extend
down-canyon as channel-filling sinuous ridges. Deposits on the canyon walls range from those
contained in chutes cut into wall rocks to ridges standing above the surrounding wall strata.
Deposits within chutes also exhibit lateral ridges and head scarps that are indicative of late-stage
landslide failures and associated debris flows, fostered by the availability of blocky regolith
produced by weathering of the relatively soft, soluble sulfate-bearing strata. Infinite slope
modeling indicates that failure of blocky regolith occurred by reduction in effective stresses due
to increased pore water contents. We interpret the increase to be a consequence of late-stage
precipitation, perhaps enhanced by lake level drawdown. Additionally, we interpret the presence
of debris ridges elevated above surrounding wall rocks to be a consequence of long-term, winddriven erosion in which the more resistant blocky debris deposits underwent less stripping
compared to the surrounding wall strata. This is particularly the case for Gediz Vallis, where
only a single debris ridge connects to the channel-filling debris deposit.
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3.1 Introduction
Aeolis Mons, a 85 km wide, 5 km high mound, informally named Mount Sharp, is
located within the 154 km diameter Gale Crater (Anderson and Bell, 2010) (Figure 3.1). Partial
erosion of lower Mount Sharp has exposed sedimentary strata, with fluvial conglomerates and
sandstones, deltaic sandstones, and lacustrine mudstones (e.g., Grotzinger et al., 2015). Sulfatebearing strata overlie those rocks, with clinoform strata capping the stratigraphic section (e.g.,
Anderson and Bell, 2010; Milliken et al., 2010; Sheppard et al., 2020). Erosion and exposure of
the overall stratigraphic section that underlies Mount Sharp are interpreted to be due to a
combination of mass wasting, wind, surface runoff, groundwater, and ice-related processes (e.g.,
Le Deit et al., 2013). On the other hand, Curiosity images do not show evidence of glacial
landforms or deposits, suggesting ice-related activity has not been an important component in
shaping the mound’s landscape. Post mound formation (i.e., late-stage) water-related activity has
included the presence of three lakes within the plains surrounding Mound Sharp (Palucis et al.,
2016), with evidence presented in the form of fluvial channels, deltaic complexes, and alluvial
fans (Grant, et al., 2014; Palucis et al., 2014, 2016).
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Figure 3.1. CTX-based mosaic covering Mount Sharp and the canyons that are the focus of this
paper: the informally named Marginal and Trifurcating Canyons, together with Sakarya Vallis
and Gediz Vallis. White boxes delineate areas shown in detail in Figures 3.7, 3.10, and 3.20.
Erosive landforms dominate the surface of Mount Sharp. These include Gediz Vallis, on
the northern side of the mound, Sakarya Vallis on the western side, and nearby unnamed canyons
cut into the edge of the mound, (Figure 3.1). Both Sakarya Vallis and Gediz Vallis extend from
the upper mound, through sulfate-bearing strata (e.g., Sheppard et al., 2020), to the floor of Gale
Crater. The unnamed canyons (here after referred to as Marginal Canyons) at the edge of the
mound also cut through sulfate-bearing rocks. All of the canyons exhibit debris deposits on the
canyon walls, in some cases extending to the canyon floors. Within Sakarya Vallis and Gediz
Vallis, the debris deposits merge with deposits on the canyon floors that fill sinuous channels and
extend down-canyon from the mergers (Bryk et al., 2020; Hughes et al., 2020). Wall debris
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deposits range from those that partially fill chutes cut into wall rock to ridges standing above the
surrounding wall strata.
The intent of this paper is to demonstrate that the debris deposits on the walls are a
consequence of late-stage water activity in which pore pressures within sulfate-bearing blocky
regolith led to reduction in effective stresses and failures as landslides that mobilized into chutecutting debris flows. We invoke local precipitation and lake level lowering as mechanisms that
provided increased pore water contents. We also infer that subsequent differential wind erosion
shaped some of the deposits into ridges (i.e., inverted channels) when the more erodible
surrounding wall rocks were removed at faster rates than the debris deposits.
We proceed by first describing data sets and methods, and then consider the sulfatebearing nature of the rocks cut by the canyons, with implications derived from the highly soluble
nature and likely low strength of sulfate minerals for the generation of blocky regolith. We
discuss one of the key Marginal Canyons, citing evidence for fluvial activity as a canyon forming
agent, and debris deposits on the canyon walls as late-stage events. We consider and explain the
range of debris deposit morphologies within the Sakarya Vallis, with those contained in chutes
with lateral ridges and head scarps modeled as landslide and debris flow failures to due increased
pore water contents. We interpret debris ridges in on the walls and floors of Sakarya Vallis and
Gediz Vallis as “inverted channels” due to differential wind erosion, and we end with a synthesis
in which we argue that the debris deposits provide evidence for one of the last periods of
hydrogeomorphic activities on Mount Sharp.
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3.2 Data Sets and Methods
We used a multi-dataset approach to pursue the analyses outlined in the Introduction (see:
Table 3.1). This included Mars Reconnaissance Orbiter’s Compact Imaging Spectrometer for
Mars (CRISM, Murchie et al., 2007) observations to delineate and map the mineralogy of the
canyons and surroundings (Tables 3.1 and 3.2). Single scattering albedo spectra were retrieved,
and the hyperspectral image cubes were mapped projected to 12 m/pixel, taking advantage of
CRISM row overlap and spatial point spread functions. We employed the Hapke scattering
function (Hapke, 1993) as a surface boundary condition, together with a Mars-specific DISORT
radiative code developed by Wolff et al., (2009), to model atmospheric dust and ice aerosols.
Regularization and projection of the image cubes employed a log maximum likelihood approach,
with removal of spatial and spectral smearing, and application of appropriate penalty functions to
minimize anomalous excursions (Kreisch et al., 2017; He et al., 2019). We also generated
spectral parameter maps from the processed data as defined by Viviano-Beck et al. (2014), in
addition to retrieving spectra for examination and analysis.

Table 3.1: Datasets Used in This Study
Instrument
Context Camera
(CTX)

PDS (Planetary Data System) product ID
G04_019843_1746_XI_05S223W
G05_020265_1746_XI_05S223W
P04_002675_1746_XI_05S222W
B21_017786_1746_XN_05S222W
D02_027834_1748_XN_05S222W
G04_019698_1747_XI_05S222W
P01_001422_1747_XN_05S222W
P18_008002_1748_XN_05S222W
P04_002464_1746_XI_05S221W
B18_016731_1747_XN_05S221W
D07_029891_1747_XN_05S221W
D13_032159_1745_XN_05S221W
P03_002253_1746_XN_05S221W
G10_022190_1746_XI_05S221W
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High Resolution
Science
Experiment
(HiRISE)

Compact
Reconnaissance
Imaging
Spectrometer for
Mars (CRISM)
High Resolution
Stereo Camera
(HRSC)

G03_019566_1746_XN_05S220W
G06_020489_1746_XI_05S220W
[ESP_024234_1755, ESP_024300_1755
PSP_009650_1755, PSP_009716_1755,
PSP_010573_1755, PSP_010639_1755,
PSP_009505_1755, PSP_009571_1755,
ESP_011417_1755, ESP_011562_1755,
ESP_018854_1755, ESP_018920_1755,
ESP_023957_1755, ESP_024023_1755,
ESP_024102_1755, ESP_025368_1755,
PSP_009149_1755, PSP_009294_1755,
ESP_012551_1755, ESP_012841_1755,
PSP_001488_1755, PSP_001752_1755,
ESP_019698_1755, ESP_019988_1755] (Calef III
and Parker, 2016 Gediz Vallis mosaic)
ESP_012340_1750, ESP_012195_1750,
PSP_006855_1750, PSP_007501_1750, upper and
lower Sakarya Vallis, respectively
ESP_017786_1745, ESP_013540_1745, lower and
upper Trifurcating Canyon, respectively
FRT000018C27_07_IF165L_TRR3
FRT000095EE_07_IF165L_TRR3
FRT000248E9_07_IF164L_TRR3

H1916_0000_ND4
H1916_0000_DA4
H1927_0000_ND4
H1927_0000_DA4
H1938_0000_ND4
H1938_0000_DA4
H4235_0000_ND4
H4235_0000_DA4
H5273_0000_ND4
H5273_0000_DA4

10.17189/1520179
10.17189/1520303
10.17189/1520227

10.17189/1519470

10.5270/esapm8ptbq
10.5270/esa1uqwzjv

We calculated the solubility of reactive components for the sulfate-bearing strata
identified using CRISM data to assess the likelihood of water-induced weathering of wall rocks
to produce a blocky regolith conditioned to fail as debris flows, together with the possibility of
cementation after deposition. Calculations were performed in The Geochemist’s Workbench
version 12.0.5 (Bethke, 2007) using a previously described Pitzer-style database (Liu and
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Catalano, 2016). Implications for volume changes associated with sulfate mineral phases
changes, along with likely rock strengths, were also considered in evaluating the likelihood of
blocky regolith production.

Table 3.2: Parameters used in CRISM processing
CRISM scene

Dust optical depth (μm) -

FRT000018C27_07_IF165L_TRR3 0.90

Water ice optical depth
(μm) - indexed at 0.32 μm
0.11

FRT000095EE_07_IF165L_TRR3

0.59

0.13

FRT000248E9_07_IF164L_TRR3

0.38

0.06

indexed at 0.37 μm

We utilized Mars Reconnaissance Orbiter Context Imager (CTX, Malin et al., 2007)
mosaicked data and associated digital elevation models (DEMs) for Sakarya Vallis and the
Marginal Canyons. High Resolution Imaging Science Experiment (HiRISE, McEwen et al.,
2007) images and HiRISE-generated DEMs were used where available to provide more detailed
characterizations. The HiRISE DEMs over Sakarya Vallis were generated using the method
described in Mayer & Kite (2016). A High Resolution Stereo Camera (HRSC) image mosaic and
associated DEM over Gale Crater made available to the Mars Science Laboratory team were also
utilized (Gwinner et al., 2009; Gwinner et al., 2010; Jaumann et al., 2007). For Gediz Vallis, a
HiRISE-based mosaic and DEM were available and used for the analyses (Calef & Parker,
2016). We pursued mapping, morphologic characterization, and tabulation of dimensions of
blocky regolith, debris-filled chutes, and debris ridges using the best available image data. Table
3.1 lists the sources for image products used in our analysis.
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Figure 3.2. CTX-based mosaic over Marginal Canyons and Sakarya Vallis. CRISM data were
used to generate the false color overlay. Red colors indicate the presence of monohydratedsulfate bearing phase(s), yellow by polyhydrated sulfate-bearing phase(s), green by hydrated
minerals, and blue indicates the presence of basaltic sand. PHS and MHS denote areas where
spectra were retrieved for polyhydrated and monohydrated sulfate phases, respectively (Figure
3.4). The location for retrieval of the spectrum for basaltic sand is located in a crater to the north
of Sakarya Vallis. Regions of interest on the canyon walls and floors denote debris deposit
locations, indicated by white outlines.
Finally, an infinite slope stability model (e.g. Selby, 1993) was employed to evaluate the
likelihood of landslide failure by incoming pore water for two well-preserved debris-related
features located on the lower Sakarya Vallis wall.

3.3 Sulfate-Bearing Strata: Dissolution, Precipitation, and
Blocky Regolith
Previous analysis of CRISM data covering Mount Sharp has shown that magnesiumbearing, hydrated sulfate-bearing rocks dominate the spectral signatures for the stratigraphic
section between the upper clinoform strata and the lower portions of Mount Sharp dominated by
Murray formation outcrops (Milliken et al., 2010; Sheppard et al., 2020). To evaluate the
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mineralogy of the sulfate-bearing materials within the canyons of interest for this paper we have
analyzed in detail spectral data from three CRISM scenes processed using the techniques
described in Section 2 (Table 3.1 and 3.2, Figures 3.2 to 3.4). Spectral parameters were retrieved
and color maps were made using RGB planes assigned to values sensitive to hydrated sulfate
minerals, materials that show a 1.9 µm H2O and OH combination absorptions, and spectra
consistent with the presence of high calcium pyroxenes (HCP) (Figures 3.2, 3.3). The hydrated
sulfate signature is associated with enhanced spectral curvature between 2.1 and 2.4 µm due to
the presence of bound H2O in hydrated sulfate minerals. The high calcium pyroxene signature is
associated with the broad ferrous crystal field absorption feature centered at 2.12 µm.

Figure 3.3. HiRISE-based image mosaic over Gediz Vallis overlain with the same type of
CRISM parameter map as shown in Figure 3.2. The floor of lower Gediz Vallis shows the
presence of polyhydrated sulfate phases(s), whereas the canyon walls and plateaus indicate the
presence of monohydrated sulfate phases. Basaltic sands are evident within the upper portion of
the canyon. Regions of interest on the canyon walls and floors (white outlines) denote debris
deposit locations.
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Figure 3.4. CRISM-based single scattering albedo spectra averaged over 36 m by 36 m areas
shown for regions delineated in Figure 3.2 and selected based on strong signatures for
monohydrated sulfate phase(s), polyhydrated sulfate phase(s), and basaltic sands. The thin black
lines denote spectra before noise suppression whereas the thicker lines show the best estimate of
the surface spectrum in the presence of Poisson noise. Also shown are laboratory spectra for
kieserite (MgSO4·H2O) and starkeyite (MgSO4·4H2O). Laboratory spectra courtesy of Alian
Wang, personal communication. Note the correspondence between the CRISM-based and
laboratory spectra.
Comparisons of the parameter maps with CTX and HiRISE data show that areas with
enhanced high calcium pyroxene signatures correspond to low albedo sand sheets and ripple
fields partially covering the canyon floors, deposits banked up against breaks in slope on the
canyon walls, and those located in topographically low areas such as in craters (Figures 3.2, 3.3).
The spectrum retrieved from a low albedo ripple field on the floor of a crater to the north of
Sakarya Vallis verifies the basaltic sand interpretation. The evidence includes the presence of a
shallow 2.12 µm absorption, and the broad short wavelength absorption associated with a mix of
pyroxene and olivine (e.g., Clark, 1999).
The use of the hydrated sulfate and 1.9 µm absorptions allowed identification of
magnesium-bearing phases on canyon walls, floors, and surrounding areas, with separation and
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mapping of outcrops dominated spectrally by monohydrated and polyhydrated sulfate-bearing
outcrops, respectively. The reason is that the magnesium-bearing monohydrated phase, likely
kieserite, with one H2O molecule in the unit cell, has an absorption shifted to 2.1 µm relative to
the 1.9 µm absorption typical of magnesium-bearing polyhydrated sulfate phases, e.g., starkeyite,
with four H2O molecules in the unit cell (e.g., Cloutis et al, 2006). Example spectra retrieved
from areas that have enhanced parameter values for these two phases support these
interpretations (Figure 3.4). Note that the lack of ferrous or ferric shorter wavelength absorptions
rules out iron-bearing sulfates.
We also suspect, based on the subtle hydrated signatures, that most of the rocks are a
mixture of sulfate and other minerals. They are likely similar to the sulfate-bearing Burns
formation rocks characterized by the Opportunity Rover at Meridiani Planum. For example,
Opportunity Mini-TES data indicate that the Burns formation rocks are composed of ~40%
sulfate minerals, mainly magnesium and calcium-bearing phases, with ~60% composed of
aluminum-rich amorphous silica, plagioclase, nontronite, hematite, and minor phases (Glotch et
al., 2006). Analysis of CRISM data covering Meridiani Planum, including Burns formation
outcrops characterized by Opportunity (Arvidson et al., 2015), demonstrate that mixed
magnesium sulfates dominate the spectral signatures in a manner similar to what we find for the
canyons that are the focus of our paper.
Magnesium sulfate minerals have orders of magnitude greater relative solubility as
compared to most other minerals, including oxides and silicates (Figure 3.5). We hypothesize
that the high solubility of these phases produces a blocky regolith dominated by disaggregated
rocks due to the presence of infiltrating water, with rock fragment sizes dictated by the spatial
distribution of relatively weak discontinuities such as fractures and/or desiccation features. To
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evaluate in more detail the hypothesis of disaggregation of the sulfate-bearing strata we
employed geochemical modeling to estimate the fraction of Mg and Ca sulfates that would
dissolve in a water-infiltrating environment. We used the Mini-TES based mineralogy of the
Burns formation as an analog for the sulfate-bearing rocks that underlie Mount Sharp. Assuming
a Burns formation estimated porosity of 4.5% (Nahm & Shultz, 2007), and saturated conditions,
we find that ~2% by volume of the magnesium and calcium sulfates would dissolve in the
presence of infiltrating moisture. This would create zones of weakness leading to the
disaggregation of the rock and production of a blocky regolith.

Figure 3.5. Histogram showing the log solubility for relevant secondary minerals that have been
identified in Burns formation rocks in Meridiani Planum, a mineral analog for the sulfate-bearing
strata on Mount Sharp. Note the high solubility of magnesium sulfates, followed by calcium
sulfates. Minerals that are more soluble in low pH fluids were calculated with pH of 2 to show
that even then they are much less soluble than the sulfate minerals.
We also note that the stable hydrated magnesium phases depend on moisture content,
with large volume changes as moister conditions lead to more hydrated phases. For example,
conversion of kieserite (MgSO4·H2O) to starkeyite (MgSO4·4H2O) produces a 69.4% volume
increase because three additional H2O molecules are added to the unit cell. If the pore water
content varied due to changing climatic conditions then the consequent volume changes could
also enhance disaggregation. Thus, the combination of processes discussed above could lead to
blocky regolith covering canyon walls and floors on Mount Sharp, thereby providing materials
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conditioned for downhill movement. In addition, evaporation and/or sublimation of pore water
carried within the failed debris would leave behind newly precipitated sulfate minerals, likely as
coatings and/or cement. The cement, in addition to any large blocks within the debris, and the
irregular debris surfaces, would make these debris deposits resistant to erosion by wind action.

Figure 3.6. Perspective view looking to the east of Sakarya Vallis and the Marginal Canyons,
including the Trifurcating Canyon. Based on the CTX mosaic with color-coded elevations
overlain. Regions of interest are shown for canyon wall and floor debris deposits. Two times
vertical exaggeration for this and other perspective views shown in the figures for this paper.
Another special property of sulfate-bearing strata, based on comparisons to the Burns
formation rocks, may be their relatively low strength. Both the Spirit and Opportunity rovers
deployed their Rock Abrasion Tools to grind a few millimeters into rock targets to remove dust
and coatings before making contact science measurements (Gorevan et al., 2003). The olivinebearing basalts on the Gusev plains, combined with various silicate-dominated rocks within the
Columbia Hills, completely wore down the grinding teeth before the end of the mission. The
Adirondack class basaltic rocks on the plains had specific grind energies ranging from 30 to 50
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J/mm3 retrieved from RAT telemetry that are equivalent to uniaxial compressive strengths of ~70
to 130 MPa (Thompson et al., 2013). On the other hand, Opportunity RAT data for grinds into
sulfate-rich Burns formation rocks free of the very hard hematitic concretions averaged ~1 J/mm3
(Arvidson et al., 2004), equivalent to much lower compressive strengths than found for most
rocks at Gusev Crater, with the exception of the sulfate-bearing Peace sandstone (Thompson et
al., 2013). Of course, a grind depth of a few millimeters may not be representative of the strength
of deeper portions of the rocks and sulfate-bearing strata found on Mount Sharp may not have
the same strength characteristics as Burns formation rocks. On the other hand, the relatively high
solubility, large volume changes due to varying moisture contents, and perhaps a relatively low
strength expected for sulfate-bearing rocks that underlie Mount Sharp, would all contribute to the
production of blocky regolith over bedrock.

3.4 Trifurcating Canyon
Anderson and Bell (2010) mapped valleys, canyons, and sinuous ridges on Mt. Sharp,
and identified “ridges in the wall” that may be “filled channels”. In addition, Palucis et al.,
(2016) mapped a number of deltas and fans in the plains surrounding Mount Sharp, features
interpreted to be deposits from late-stage, post-mound formation fluvial and lacustrine systems.
The Marginal Canyons located to the southwest of Sakarya Vallis are illustrative of the features
mentioned in these two papers. This includes fan-like deposits at the mouth of two of the
canyons and numerous debris deposits on the canyon walls (Figure 3.6).
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Figure 3.7. Perspective view looking toward the east of the Trifurcating Canyon. Note the deep
canyon incision into the edge of Mount Sharp, along with the ravines cut into the proximal
canyon sections. Boxes A and B show locations for perspective views shown in Figures 3.8 and
3.9, respectively. Wall debris deposits are labeled (outlined in white), along with a fan at the
distal portion of the canyon. An extensive basaltic sand cover (see Figure 3.2) precluded
mapping floor debris deposits. Views shown in Figures 3.8 and 3.9 based on HiRISE image data
and CTX DEM.
We focus our discussion on the informally named Trifurcating Canyon (Figures 3.6, 3.7)
because it is representative of the characteristics found in the set of Marginal Canyons. The
Trifurcating Canyon exhibits three large canyons that extend uphill from the main canyon. This
canyon system has cut deeply into the edge of Mount Sharp, with a width of 1.9 km and depth of
0.55 km at the middle section of the main canyon. The main canyon is oriented in a direction
pointing to N55°W, bending to N45°W to become the southern-most arm of the Trifurcating
Canyon. A second canyon trending N80°E merges with the main canyon at its bending location
and a third canyon oriented at N30°E merges with the second canyon uphill from the merger
with the main canyon. Dissection by steep ravines mark most of the proximal portions of the
canyons. As already noted, the mouth of the main canyon exhibits a fan-like deposit extending
onto the plains. Alluvial fans and deltas, as noted by Palucis et al., (2016), indicate water-related
downhill transport of sediment, with deposition as an alluvial fan or delta as the carrying
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capacity decreased. They specifically noted a “fan-delta” shaped deposit at the mouth of
Trifurcating Canyon whose elevation corresponds to an inferred lake level identified from a delta
deposit on Gale crater wall. We conclude that the highly dissected and trifurcating nature of the
Trifurcating Canyon, together with the presence of a distal fan-like feature, point to formation by
running water, an interpretation consistent with conclusions reached in Palucis et al. (2016) for
late-stage hydrogeomorphic activity. Water must have been sourced from local precipitation
and/or snow melt located uphill from the Marginal Canyons.

Figure 3.8. Perspective view looking toward the northeast at debris deposit TC7. This deposit is
associated with a head scarp (red outline), chute, and exhibits lateral ridges (dashed yellow
lines). It transitions from a layered section to a poorly sorted deposit from top toward the bottom
of the deposit. Note the blocky debris shed from the layered wall strata on either side of TC7,
suggesting bedrock disaggregation and downhill movement of blocky material.
Using CTX and HiRISE image data we have identified and mapped debris deposits on
the walls of the Marginal Canyons, including eight deposits within the Trifurcating Canyon
(Figure 3.7). We report two examples of these deposits that are located in the Trifurcating
Canyon. Feature TC7, located on one of the branching canyons, starts at a ~130 m wide, Ushaped scarp and associated chute cut into the wall strata, with striated material bound within the
upper scarp area (Figure 3.8). Relief between the surrounding wall rocks and the striated material
ranges up to 5 m. The head scarp is located on the portion of the wall with a 20° slope. A
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discrete, linear boundary is located ~135 m downhill from the upper portion of the head scarp.
Downhill the material changes to a blocky debris deposit, extending another ~235 m downhill
before burial by basaltic sands. The blocky material is located up to ~6 m below the surrounding
wall strata. TC7 exhibits the shape, topography, and material textural properties associated with
wall failure as a landslide, although the banding associated with the upper portion of the
landslide material is difficult to explain. One possibility is that TC7 formed as a series of
landslides with the head scarp migrating uphill with each successive failure. The most recent
failure could have just produced a slump block of wall strata that retained its original bedding
planes, perhaps due to an increase in strength of this upper unit. Finally, we also note that the
wall strata surrounding TC7 are shedding blocky debris, extending via mass wasting in a
downhill direction.

Figure 3.9. Perspective view looking toward the northeast at debris deposit TC2. This deposit is
contained in an upper v-shaped chute with lateral ridges whereas the lower arm begins in a Ushaped head scarp and associated chute. The deposits merge and the distal portion is covered by
basaltic sands, as is the upper portion of the V-shaped deposit. Note the blocky debris shed from
the layered wall strata on either side of TC2, suggesting bedrock disaggregation and downhill
movement of blocky material.
TC2 is located on the wall of the main canyon. Blocky debris deposits are contained
within two shallow chutes cut into the wall strata (Figure 3.9). The upper chute (dashed yellow
line) of TC2 starts as a sand-covered, narrow V-shaped feature that broadens to ~90 m in width
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downslope. Based on shadow patterns this chute exhibits low relief lateral ridges bounding the
debris. The upper portion begins at a wall slope between 20° to 25°. The lower chute is U-shaped
(red line) and has a width of ~93 m, with a wall slope of 20°, and based on shadow patterns, also
exhibits low relief lateral ridges. It is not possible using CTX-based DEM data to tell if the
debris within the two chutes stands above or below surrounding wall strata. Basaltic sands cover
the distal portions of both debris deposits. Blocky regolith is seen disconnected from outcrops
and extending downhill, likely due to mass movements of individual blocks.

3.5 Sakarya Vallis
3.5.1 Overview
Whereas the Trifurcating Canyon provides evidence for formation by water-related
processes, and has examples of debris deposits on its walls, we turn to Sakarya Vallis and its
thirteen mapped debris deposits to understand in more detail the origin and evolution of these
features in the canyons cut into Mount Sharp (Figures 3.6, 3.10). Sakarya Vallis is ~20 km long,
with ~2 km maximum width, and a maximum depth of ~350 m (Figures 3.10, 3.11). The canyon
floor has a slope with a mean angle of ~5°. A nearly 90° bend in orientation from southwest to
northwest is evident ~9 km from the beginning of the canyon that divides it into upper and lower
segments. The canyon’s vertical cross section largely shows progressive increases in width and
depth down canyon, with wall slopes at their steepest approaching 40°. The plateaus to the north
and south of the canyon and the walls of the canyon exhibit layered strata that contain sulfatebearing minerals based on analysis of CRISM spectral data (Figure 3.2).
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Figure 3.10. CTX-based image mosaic overlain with color-coded HRSC-generated elevation
data over the Sakarya Vallis and adjacent plateaus, with a portion of the Marginal Canyons also
depicted. White lines delineate the locations for the topographic profiles shown in Figure 3.11.
Debris deposits within the canyon walls and the floor of Sakarya Vallis are outlined and
numbered (referred to in the text as SV1, SV2, and showed by numbers only to avoid clutter).
Arrows show inferred wind directions that carved the yardangs on the plateaus.
The upper canyon is oriented at ~90° angle relative to north-south oriented ridges cut into
the surrounding plateau bedrock (Figures 3.1, 3.10). The upper canyon’s southern wall exhibits a
series of ravines, merging with north-south oriented ridges on the southern plateau (Figures 3.6,
3.10). On the other hand, the northern wall opposite the side canyons does not exhibit side
canyons. In addition, a portion of the lower canyon northern wall merges with broad, northeast
trending side canyons (near SV1 and SV2 in Figure 3.10), whereas other wall areas in the lower
canyon are continuous and lack evidence for side canyons.
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We mapped thirteen blocky debris deposits extending down the walls of Sakarya Vallis,
with two located on the side canyon that extends from the lower canyon’s northern wall.
Characteristics of each deposit are provided in Table 3.3. Three debris deposits in the lower
canyon (SV1, SV2, SV3) are contained in chutes with well-defined head scarps and lateral
ridges. Two of the debris deposits (SV12, 13) located in ravines on the upper portion of the
canyon are also contained in chutes with lateral ridges (Figures 3.10, 3.17), whereas the
remaining deposits are debris ridges standing above the surrounding wall rocks. Ridges are also
located on the lower canyon where the walls lack ravines. All of the deposits, where not covered
by basaltic sands, merge with extensive debris deposits located on the canyon floor that are
partially contained within a central channel system (Figure 3.10).

Table 3.3: Topographic Data for Debris Deposits discussed in Gale crater
Debris
ID

Length
(m)

Approximate Mean
mean width Slope
of deposit
(degrees)
(m)

Depth of
failure if
scarp
visible
in DEM
(m)
5.5

Lateral Deposited
ridges within a
present chute

13

Surface
gradient
upslope
of scarp
or deposit
(degrees)
7

SV1

1090

200

SV2

980

185

16

12

4

yes

SV3

245

100

24

27

SV4

465

20

20

21

SV5

745

25

19

18

SV6

605

65

21

14

SV7

550

35

19

21

SV8

475

30

16

15

SV9

540

15

15

19

SV10

210

20

25

25
76

yes

yes

yes

yes

yes

yes

SV11

740

55

19

13

yes

SV12

760

165

13

12

yes

SV13

365

55

32

19

yes

TC1

270

80

30

21

TC2

275

120

29

28

TC3

235

70

20

21

TC4

920

130

19

18

TC5

290

110

19

21

TC6

215

115

16

27

TC7

335

135

22

20

yes

TC8

200

95

23

21

yes

GV1

100

55

10

18

yes
yes

yes

yes

yes

Figure 3.11. Topographic profile for the center of Sakarya Vallis, with cross canyon profiles
delineated for key regions. The Sakarya Vallis profile has a 5.5 times vertical exaggeration. Each
of the cross canyon profiles extends from southern to the northern sides of the canyon.
Elevations are relative to the start of the along-canyon profile and based on CTX DEM data.
Elevations for the cross-canyon profiles are relative to the start of the proximal section, with the
same width and elevation ranges shown for each cross-canyon profile. Locations of the wall
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debris deposits are shown and labeled (numbers only to avoid clutter), as well as the major bend
in the canyon.

3.5.2 Chutes, Debris, and Lateral Ridges as Evidence for Landslides and
Debris Flows
Debris deposits SV1 and SV2 are contained in well-developed chutes, with head scarps,
lateral debris ridges, and chute floors topographically beneath the surrounding wall rocks (Figure
3.12). Surrounding wall strata show numerous blocky material that has detached from the
bedrock and migrated downhill. For example, a shallow valley just to the north of SV1 illustrates
how the layered strata has broken into blocky material with sands included in the spaces between
the blocks (Figure 3.13). The block size distribution is comparable to block sizes contained
within the SV1 and SV2 chutes, with blocks sizes ranging up to 20 m (Figures 3.14, 3.15).
Chute SV1 is ~1090 m long, ~200 m wide, with a mean downhill slope of 13°. The chute
floor has a maximum depth of ~20 m relative to surrounding wall rocks, and its lateral debrisladen ridges are up to several meters above the wall rocks. The chute exhibits an arcuate head
scarp that has a relief ~5 m relative to the wall rocks located immediately uphill of the scarp. The
lower chute has less debris fill and exhibits a relatively smooth-looking floor as compared to the
upper chute. (Figures 3.12, 3.14). Basaltic sand covers the distal end of SV1 where the debris
meets the canyon floor.
SV2 is also contained within a chute whose floor is lower than the surrounding wall
rocks, with an arcuate-shaped head scarp exhibiting ~4 m of relief relative to the wall strata
immediately uphill (Figures 3.12, 3.14, 3.15). Lateral ridges rise several meters above the
surrounding wall rocks (Figure 3.12, 3.14, 3.15). The chute is ~980 m long and ~180 m wide,
with a downhill mean slope of 16°. In contrast to the SV1 deposit, debris fills the entire chute,
from the head scarp to the canyon floor. Debris in the chute forms a series of irregular internal
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ridges that extend uphill into the head scarp area. Basaltic sand covers the distal end of the debris
deposits where they meet the Sakarya Vallis floor.

Figure 3.12. A portion of HiRISE image with mapped chutes, debris, and lateral ridges for SV1
and SV2 is shown for two well-preserved debris flow features in the Sakarya Vallis. Head scarps
outlined in red, debris deposit borders in dashed yellow, with delineation of lateral ridges. Box A
covers the region with an extensive blocky regolith cover shown in Figure 3.13.

Figure 3.13. Perspective view looking to the northeast of a portion of the valley shown in Figure
3.12. Letters a through f delineate blocky regolith associated with different exposed strata. The
vertical line corresponds to 15 m of relief. The surface shown for area f was used to compute a
blocky regolith bulk density as described in the text.

79

Figure 3.14. HiRISE-based perspective view looking toward the east of the area covering SV1
and SV2. Head scarps outlined in red, borders in dashed yellow, with delineation of lateral
ridges. Note the central debris shown in the lower right of the figure along the floor of the vallis,
along with the disaggregated bedrock surrounding the debris deposits.

Figure 3.15. HiRISE-based perspective views of the head scarps (outlined in red), upper debris
deposits, and lateral ridges (dashed yellow) for SV1 and SV2. Boulders up to ~10 m in diameter
are present in the debris deposit. A five times vertical exaggeration was used for these views in
order to illustrate the head scarps and irregular nature of the debris within the chutes.
Debris within the SV1 and SV2 chutes are wall materials that failed under the influence
of gravity, carving into the wall rocks on the way downhill, and generating lateral ridges during
transport of the failed materials. Dry landslides are highly unlikely as failure and transport
mechanisms because of the relatively low slopes, far below angles of repose for failure of
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regolith, even for materials with low cohesive strengths (e.g., Selby, 1993). The debris deposits
within Sakarya Vallis merge with other deposits at the floor of the canyon, altogether resembling
a “conveyor belt” like debris transport system (Figure 3.10). Experiments have shown that dry
rockfalls with large volumes can runout for long distances (Okura et al., 2000), however they do
not tend merge with other deposits on canyon floors, i.e. in a manner similar to what is seen at
Sakarya Vallis.
Rock glaciers as a mechanism are unlikely, given the morphology of the deposits, and the
topographic setting. Terrestrial rock glaciers are typically found at the distal ends of valley
glaciers and tend to spread out debris carried downslope as a mix of ice and blocky material,
rather than concentrating the material along an erosive flow path and carving chutes (e.g.,
Whalley and Azizi, 2003).
The hypothesis that best fits the presence of head scarps, chutes with debris deposits (i.e.,
SV1 and SV2), and debris-laden lateral ridges is initial failure as landslides, followed by
mobilization as debris flows. The flows must have had enough energy to carve chutes into wall
rock, in addition to transporting material downslope. Laboratory simulations (Hsu et al., 2011)
and observations of terrestrial debris flow deposits (Stock and Dietrich, 2003) demonstrate the
ability of debris flows to erode into underlying materials. Downslope transport must have
produced stresses in the debris flows that pushed material outward from the relatively fast
moving flow center, thereby generating debris-laden ridges (levees) in the same manner as
occurs in terrestrial debris flows (Iverson, 1997). In terrestrial cases these processes are
associated with the presence of pore water that when mixed with poorly sorted debris provides
the requisite rheological properties needed to carve chutes, produce levees and deposit poorly
sorted materials (e.g., Iverson, 1997; Kaitna et al., 2016). We hypothesize for the canyon debris
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flows that ground water arrived as relatively shallow flow parallel to the surface, or emerged
with an upward component (exfiltration), in either case generating destabilizing pore pressures
that led to initial failures as landslides (i.e., Iverson and Major, 1986). This mix of water and
poorly sorted debris then led to mobilization as debris flows. For SV1 the presence of a deep
distal chute implies erosive conditions, with efficient delivery of debris to the canyon floor,
followed by less energetic flow(s) that led to the debris-filled upper chute. This may have been a
consequence of a successive set of landslide failures and associated debris flows starting from
the lower slopes, with the initial landslides creating most of the chute depth, with head scarps
moving uphill with each event. SV2 has debris extending all the way down the chute and internal
ridges interpreted to be levees from multiple late-stage debris flow events. In both cases,
“windows” through the basaltic sand cover on the distal ends of the two debris deposits show
that the flows connected its transported material to the extended debris deposits on the canyon
floor.

3.5.3 Quantifying the Role of Water in Landslide and Debris Flow
Mobilization
In this section, we employ the infinite slope model (i.e. two dimensional limit
equilibrium) widely used in analysis of landslides. The ground surface and failure plane are
assumed to be approximately parallel (e.g. Selby, 1993). We employ the model to quantify the
role of pore water (e.g. Dietrich et al., 2001) in initiating the landslides and mobilizing debris
flows for SV1 and SV2. In the model, Mohr-Coulomb based failure for material (i.e., blocky
regolith sitting on bedrock) on a slope will occur when the downhill stress component (i.e., shear
stress, τ) due to the overlying body mass is equal to the combined cohesive and frictional
strength (S) at the failure plane. Groundwater entering the blocky regolith elevates the pore
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pressure, lowers the effective normal stress, and thereby reduces the frictional strength. The
model neglects wall stresses, which act to stabilize against failures (e.g., Milledge et al, 2014;
Prancevic et al., 2018), making our estimates of water content for failure a minimum. The model
assumes that groundwater flow occurs above the boundary between a blocky regolith layer (e.g.,
Figure 3.13), and less permeable underlying bedrock. It also assumes that there is no deeper
regional groundwater input. With these assumptions, the proportion of the regolith layer
saturated at failure is equal to:
ℎ 𝜌𝑠
tan 𝜃
=
(1 −
) − 𝑐/(𝜌𝑤 𝑔𝑧cos2 𝜃tan𝜑)
𝑧 𝜌𝑤
tan 𝜑

(3.1)

Where:
z [L] is the thickness of the blocky regolith above bedrock,
h [L] is thickness of the saturated zone above the assumed failure plane,
ρs [M/L3] is the regolith bulk density,
ρw [M/L3], is the water density, assumed to have a value of 1000 kg/m3
θ, is the failure plane slope,
φ, is the angle of internal friction at the boundary between the blocky regolith and underlying
bedrock
c [M/ LT2], the cohesive strength at the boundary,
g [L/T2] the gravitational acceleration.
Model assumptions limit the range of h/z from 0.0 (dry) to 1.0 (saturated). Values higher
than 1.0 suggest that instability under such circumstances may be due to exfiltration gradients
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elevating the pore pressure beyond that just due to saturation (e.g. Dietrich et al., 2001). Strong
exfiltration gradients can lead to instability and even liquefaction of the material (e.g. Iverson
and Major, 1986).
We use an upper bound for the bulk density of the blocky regolith based on the value for
Burns formation consolidated sulfate-bearing rock of ~2.5 g/cm3 (Grotzinger et al., 2005).
Estimates of bulk densities of Martian regolith are for granular materials worked by lander and
rover wheels and scoops (e.g., Moore et al., 1987; Shaw et al., 2009; Sullivan et al., 2011; Knuth
et al., 2012; Morgan et al., 2018). These values range from ~1 to 1.8 g/cc. Measurements for
blocky regolith on Mars do not exist. Estimates for terrestrial weathered bedrock range from ~1.2
to 2.0 g/cc (Wald et al., 2012). Estimates of terrestrial “broken and blasted rock” range from 1.0
to 2.2 g/cc (Hoek and Bray, 1999). We also estimate bulk density from HiRISE data covering a
typical surface covered with blocky regolith (Figure 3.13). For the location chosen for analysis,
blocks cover 60% by area, with the remaining 40% covered by sands and fine-grained regolith.
Assuming a rock density of 2.5 g/cc and a sand/regolith density of 1.5 g/cc, we estimate a blocky
regolith density of 2.1 g/cc.
With regard to cohesive strength, Martian granular regolith values are estimated to range
from 1 to 5 kPa, and angles of internal friction from 20° to 40°, based on the references quoted in
the above paragraph. “Broken and blasted rock” that are deemed to be cohesionless have angles
of internal friction ranging from 20° to 40° (Hoek and Bray, 1999).
For model calculations, we focused on SV1 and used the slope of the canyon just above
the head scarp, which is 13°, and the depth of failure, assuming that it corresponded to the head
scarp depth, and thus blocky regolith thickness, of 6 m. We employed a range of bulk densities,
cohesive strengths, and angles of internal friction consistent with the range quoted in the last two
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paragraphs (Figure 3.16). As noted in Section 5.2, SV1 may not be a consequence of a single
landslide and debris flow event. The intent of the modeling is to evaluate the role of pore in
initiating a landslide that could mobilize into a debris flow, and not to model the likely complex
of failure events associated with SV1. Results demonstrate that for the case of no cohesive
strength at the failure plane, and for reasonable range of input parameters, the low gradient of 13°
requires high values of h/z to induce instability. For example, with a bulk density or 1700 kg/m3
and relatively low angle of internal friction of 25°, the h/z needed to cause failure would be 0.86.
Note that h/z is also the fraction of the blocky regolith mass that is saturated. For a cohesive
strength of 3 kPa model results for the same bulk density and angle of internal friction, h/z would
be 1.16 (i.e. pressure gradient of the entire regolith is saturated), consistent with exfiltration as
runoff, and perhaps even liquefaction. We note that we obtained similar model-based results for
SV2.

Figure 3.16. Plot showing the height of a water column, h, relative to that of the blocky regolith
thickness, z, needed to induce a landslide failure as a function of blocky regolith bulk density and
angle of internal friction at the block regolith bedrock failure plane. The bottom surface shows
the range for a cohesionless boundary whereas the top surface is for a cohesion of 3 kPa. Note
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the relatively high h/z values, including values greater than one, which would imply exfiltration
is required to induce failure. The surfaces are illuminated by a directional light source aligned
with the viewer.
The underlying reason for the large h/z values needed to initiate a landslide (i.e., Figure
3.16) is that slope of the side canyon is low, and considerable pore water is needed to reduce the
effective normal stress, and thus shear strength at the contact, to cause failure. The likely values
of pore water content are well within the terrestrial range that mobilizes landslides into debris
flows, and that then erodes into underlying rocks, thereby generating chutes (Iverson, 2000;
Stock and Dietrich, 2003: Hsu et al., 2011).
We add that factors such as localized reduction in downslope saturated conductivity can
force shallow groundwater to the surface, with significant exfiltration head gradients (e.g.
Wilson and Dietrich, 1987; Wilson et al., 1989). Exfiltration gradients can also occur when
groundwater is forced to the surface due to downslope boundary conditions (e.g. Toth, 1963,
Iverson and Reid, 1992). Such processes may be more likely in the case of deep groundwater
flow from a more regional scale flow field. Finally, we note that Palucis et al. (2016) define a
highest late-stage lake level that would have put the locations for SV1 and SV2 underwater, with
concurrent hydrostatic stresses applied against the regolith surfaces (e.g., Berilgen, 2007). Lake
level draw down would have removed the confining stresses, and if the drawdown rate exceeded
the rate of groundwater flow toward the lake, seepage pressures would have significantly
decreased the effective normal stresses, leading to failure. In summary, groundwater inflow
parallel to the surface, exfiltrating flow driven by conductivity variations or from deeper sources,
and seepage pressures generated during lake draw down phases, are all viable mechanisms for
landslide failures, with enough water to generate erosive debris flows.
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Figure 3.17. A portion of HiRISE image covering SV10 to SV13. These debris deposits are on
the southern wall within side canyon ravines cut into the plateau. Same labeling scheme as used
in Figure 3.12.

3.5.4 From Landslide and Debris Flow Features to Debris Ridges
SV10, SV11, SV12, and SV13 are located in the upper portion of the Sakarya Vallis in
the side ravines extending uphill into the southern plateau (Figures 3.17, 3.18). SV13 has a 90 m
wide head scarp, with debris that extends downhill for ~365 m with a mean slope of 32°. The
upper 100 m exhibits a chute cut ~1 m into bedrock, whereas the lower portion is a series of
debris ridges standing slightly above the surrounding bedrock. SV12 exhibits a faint head scarp,
and the upper portion of SV12 exhibits a debris-filled shallow chute that is ~170 m wide, with a
mean slope of 13°. The lower portion exhibits a shallow debris-filled chute that merging into a
debris ridge. The upper portion of SV11 lacks a well-defined head scarp and is a ridge of debris
within a shallow ~55 m wide chute cut into bedrock. It changes downhill to a chute-less debris
ridge where it merges with SV10, also a debris ridge. SV11 is ~740 m in length, with a mean
slope of 19°. The remaining debris features (SV 5 to SV9) in this portion of the Sakarya Vallis
walls are also chute-less debris ridges. Basaltic sands cover the all of the debris deposits where
they meet the canyon floor. Based on the presence of a head scarp, chutes, and debris deposits
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for SV 11, 12, and 13, we conclude that these features represent landslide failures and resultant
debris flows produced in a manner similar to what we inferred for SV1 and SV2. We note that
the collection of blocky regolith by mass movements to the ravine centers could have enhanced
the amount of material conditioned to fail by groundwater inflow. Finally, we also conclude that
TC7 in the Trifurcating Canyon also formed as a landslide that included a debris flow element, at
least for the blocky debris segment downslope of the finely stratified deposit.

Figure 3.18. HiRISE-based perspective view covering SV10 to SV13 using the same labeling
scheme as shown in Figure 3.12. The debris deposits are covered by basaltic sands where they
meet the canyon floor.
SV3 and SV4, located on the northern canyon wall, begin in shallow head scarp areas and
become debris ridges that connect to the central debris ridge (Figure 3.19). The SV3 ridge
begins, much like TC2 (Figure 3.9), as a narrow feature, broadening in width down-slope.
Lateral ridges bound the lower portions of both SV3 and TC2 ridges, and both deposits sit in
shallow chutes cut into the wall strata. SV4 begins in a narrow head scarp, transitions to a chuteless ridge, and connects to the central floor debris deposits.
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Figure 3.19. Perspective view of SV3 and SV4. These deposits merge with a broad debris
deposit on the canyon floor. The undulating nature of the floor deposits is interpreted to be a
consequence of former locations of wall debris merging with the central floor debris. All but the
floor debris undulations remain after erosion of the wall deposits, except for SV3 and SV4.
We infer that features such as SV3 and TC7 originally had more defined chutes and
levees that were removed by erosion. The rate of erosion must have been relatively low as
compared to the surrounding wall rocks to leave behind debris ridges. Erosive processes included
mass movement of blocky material detached from bedrock, likely combined with other processes
such as wind erosion, and even water running down the canyon walls. The ridges would be less
susceptible to erosion because of their poorly sorted, blocky nature, the overall hilly topography
of the terrain that would minimize effects of wind-blown sand, and perhaps because of postdepositional cementation by sulfate-bearing salts. The fact that the SV3 ridge stands up to ~10 m
above surrounding wall strata suggests that at least this much wall rock has been removed since
SV3 was emplaced, if the deposit was originally confined in a chute. Likewise, the other debris
deposits that stand above the surrounding wall rocks as ridges are interpreted to be a
consequence of differential erosion, i.e., they are equivalent to fluvial “inverted channels” that
have been mapped elsewhere on the planet (Williams et al., 2007). In addition, the sinuous
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nature of the central debris deposit on the floor of the Sakarya Vallis offers a clue as the what
was once a series of debris flow deposits extending from the walls and connecting to the floor
debris deposits. Specifically, we interpret the bends in the floor deposits that extend toward the
walls as once connected to debris extending from wall failure events (e.g., Figure 3.19).

3.6 Gediz Vallis
3.6.1 Overview
Gediz Vallis descends the northern side of Mt. Sharp, cutting a broad swath through the
upper bright clinoform deposits, extending through the lower Mt. Sharp sulfate-bearing bedrock,
and ending at the Greenheugh pediment (Milliken et al., 2010; Figures 3.1, 3.3, 3.20, 3.21). The
mean slope of the canyon floor is 10°. The appearance of Gediz Vallis floor changes
systematically from the upper reaches to the distal end that connects to the lower Gediz Vallis
ridge. Wind-blown basaltic sands shaped into barchan dunes and ripple fields cover much of the
upper canyon floor (Figures 3.3, 3.22, 3.24). HiRISE-based examination of barchans show lee
sides are uphill, indicating a dominantly up-canyon sand transport direction that is consistent
with mesoscale models that predict active slope winds (Newman et al., 2017). Down-canyon the
wind-blown deposits thin out and a 100 m wide, 10 to 15 meter-high upper Gediz Vallis ridge
composed of boulder-rich poorly sorted debris that fills a channel that occupies a portion of the
canyon floor. This upper ridge connects down canyon to the massive lower Gediz Vallis ridge
(Figures 3.22, 3.24). The lower ridge has been interpreted as an erosional remnant of fluvial and
debris flow deposits (Bryk et al., 2019a,b, 2020). Gediz Vallis does not exhibit evidence for
chutes associated with debris deposits and levees on the canyon walls. There is only a single 15
m high, 100 m long debris ridge (GV1) that extends down the eastern canyon wall, where it
meets the upper Gediz Vallis ridge (Figures 3.22, 3.23).
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Figure 3.20. HiRISE-based image mosaic overlain with HRSC-based elevation data for Gediz
Vallis and surroundings. White lines show the locations of the topographic profiles shown in
Figure 3.21. Wall (GV1) and floor debris deposits are also shown. The sulfate-bearing strata are
located between the clinoform strata and the Gediz Vallis lower ridge.

3.6.2 Origin and Evolution of the Upper Gediz Vallis Ridges
Given that the Gediz Vallis debris deposits lack diagnostic features that constrain their
origins, we considered multiple processes for their emplacement. For example, the shape and
orientation of GV1 are consistent with that of a remnant of a terminal moraine formed during
glacial advance, but the absence of any lateral moraine deposits makes this origin less likely. To
be a recessional moraine, with no trace of lateral moraines, would require that a much more
extensive glacier existed, with the equilibrium line downstream of the ridge deposition and the
ridge deposit recording a short-lived recessional feature (e.g. German, 1968). This seems
unlikely. Likewise, rock glacier origins for the upper and lower Gediz Vallis ridges and GV1
seem unlikely for reasons discussed in above for glacial origins and as explained in Section 5.2
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of this paper. We also note that the canyon floor slope and the channel underlying the upper
Gediz Vallis ridge debris deposits are too low to have formed by dry landslide processes. If
formed by dry processes, the slope should be closer to the dynamic angle of repose at ~30°
(Atwood-Stone & McEwen, 2013). The alternative, motivated by observations and
interpretations reported in this paper for the Trifurcating Canyon and Sakarya Vallis, is that the
debris deposits in Gediz Vallis are wind-eroded remnants of landslides and associated debris
flows on the canyon walls that delivered material to the channel-filling central debris deposits.

Figure 3.21. Topographic profile for the center of Gediz Vallis, with cross canyon profiles
delineated for key regions. The canyon floor profile has a 5.5 times vertical exaggeration.
Elevations for the cross-canyon profiles are relative to the start of the proximal section, with the
same width and elevation ranges shown for each cross-canyon profile. Profiles run from south to
north. The locations of the wall and floor debris deposits are shown.
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Figure 3.22. HiRISE view of the Gediz Vallis upper ridge and the single debris deposit on the
canyon wall, GV1. The white lines delineate the extent of these debris ridges. Also note the
central ridge in the broad valley to the northeast.

Figure 3.23. Perspective view of debris ridge GV1. The ridge is ~100 m in length, varies in
width, and rises ~6 m in height above the Gediz Vallis floor. The distal end of the ridge, which
merges with the Gediz Vallis upper ridge, exposes debris with boulders up to 20 m across.
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Figure 3.24. Perspective view of the section of Gediz Vallis located within the sulfate-bearing
section, illustrating the overall morphology of the canyon and debris ridges. Wind-blown basaltic
sand ripples and barchan dunes are evident up-canyon, with an orientation that indicates mainly
uphill transport of sand.
Specifically, we interpret GV1 and the upper Gediz Vallis ridge to be the eroded
remnants of what were once more numerous debris flow deposits extending from the walls,
collecting on the floor of Gediz Vallis, and moving down canyon to be added to the lower Gediz
Vallis ridge deposits. We infer that channel incision was due to flowing water, or possibly waterdriven debris flows, given that dry rock avalanches would not tend to cut well-defined channels
and accumulate debris into them.

3.7 Relative Preservation States of Gediz Vallis, Sakarya
Vallis, and Trifurcating Canyon Debris Deposits
Our interpretation must also address why the walls and floor of the upper Gediz Vallis
lack numerous debris deposits and why the deposits present have undergone much more erosion
relative to those in the Trifurcating Canyon and Sakarya Vallis. As noted, mesoscale atmospheric
circulation models show that during the day winds tend to be northwesterly, blowing up the
northern side of Mount Sharp, reversing at night, blowing down the northern side of the mound
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(Newman et al., 2017). Unfortunately, Curiosity’s REMS wind directional data are limited
temporally and spatially. However, the available data are consistent with these predicted
reversing wind directions (Newman et al., 2017; Pla-Garcia et al., 2016; Rafkin et al., 2016). The
alignment of the slope winds with the northwest-southeast orientation of Gediz Vallis would
channel and enhance these winds. Downhill mass movement of blocky debris, water running
down the canyon walls, coupled with channeled and accelerated winds would have preferentially
eroded bedrock, removing most of the evidence for landslides and debris flows.
Sakarya Vallis is located on southwestern side of Mount Sharp, and its orientation
changes along strike from northeast southwest to northwest southeast. As noted in the previous
paragraph, mesoscale atmospheric models imply strong north westerly slope winds during the
day, shifting to northeasterly winds during the evening (Newman et al., 2017). We note that the
orientation of the linear ridges on the plateaus on either side of the canyon are generally
consistent with these wind directions and imply significant erosion of bedrock, i.e., generation of
yardangs (Figure 3.2). On the other hand, the cross orientation of Sakarya Vallis, as compared to
the slope winds, as well as the relief of the canyon (~350 m compared to ~75 m at Gediz Vallis),
are all consistent with sheltering the canyon floor and walls from the high erosion rates expected
for Gediz Vallis. The same situation applies to the Trifurcating Canyon.

3.8 Landslide and Debris Flow Timing
The deposition of the sedimentary strata that compose Mount Sharp and subsequent
excavation of the mound-like shape were largely finished by ~3.1 to 3.3 Gya (i.e., during the late
Hesperian Era, e.g., Grotzinger et al., 2015). A number of hydrogeomorphic events occurred
during or shortly thereafter. For example, the Trifurcating Canyon, Sakarya Vallis, and Gediz
Vallis formed after Mount Sharp was in place, or these canyons would not run generally in the
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downhill direction defined by the shape of mound. The presence of fluvial channels, deltaic
complexes, and fans superimposed on the plains surrounding the mound provide evidence for
three discrete fluvial-lacustrine events (Palucis et al, 2014; Palucis et al., 2016). This includes the
fan-like system extending from the Trifurcating Canyon and described in Section 4 of this paper.
As noted by Anderson and Bell et al., (2010), Palucis et al., (2016), and Bryk et al., (2019a,
2020) the Gediz Vallis ridges were also emplaced during this latter time-period. Unfortunately,
the small areal extent of the debris deposits that are the focus of this paper limits our ability to
use impact crater abundances to date them with a more detailed timing than stated in this
paragraph. Most likely, the landslide failures, debris flows, and connections to floor debris were
coincident with the late-stage hydrogeomorphic events summarized in this paragraph. Since then,
over the past ~3 Gyr, the canyons and debris features have been largely shaped by wind erosion
and also wall retreat as the regolith migrated downhill.

3.9 Conclusions
The Sakarya Vallis on the southwestern side of Mount Sharp exhibits a number of
landforms indicative of the importance of landslides and debris flows in shaping of the canyon
walls and floor that are underlain by sulfate-bearing rocks. These include several debris-filled
chutes extending down the canyon walls, merging with extensive debris covers on the canyon
floor. Groundwater flow modeling, coupled with the distinct morphologic features, shows that
these features are a consequence of landslide failure due to pore water pressure from
groundwater, followed by mobilization as debris flows. The high solubility of the sulfate-bearing
strata led to formation of blocky regolith covers conditioned to fail in this manner. The presence
of numerous debris ridges on the canyon walls implies significant differential wind erosion since
the debris flows were active, with the wall strata stripped at a higher rate relative to the more
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resistant debris deposits. Similar processes operated in the Gediz Vallis. In this case, the
alignment of the canyon with erosive slope winds over several billion years removed all but a
few debris deposits. Debris flows as a canyon altering process occurred after Mount Sharp had
eroded to nearly its current topography, requiring meteoric precipitation as rainfall or snow melt
in this region even during the Hesperian Era on Mars. These results are consistent with other
late-stage (i.e., late Hesperian Era) hydrogeomorphic events reported in the literature, including
river channels, fans, and deltas in Gale Crater, and work presented in this paper based on the
geomorphology of canyons cut into the southwestern edge of Mount Sharp.
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Chapter 4: Geomorphic Characteristics and
Evolution of the Upper Murray formation
members in Glen Torridon, Gale Crater,
Mars
Abstract
Glen Torridon (GT) is a shallow trough on the northern side of Mount Sharp within Gale
Crater. Analysis of orbital images, and Curiosity data acquired during the rover’s traverses show
that mudstones dominate rock exposures with occasional sandstone lenses. These rocks have
been classified as upper members of the Murray formation. The Jura member is the northernmost
and oldest unit expressed as well-developed periodic bedrock ridges (PBRs) capped by bedrock
benches. The Knockfarril member overlies the Jura member and exhibits extensive benches and
more poorly developed PBRs. The Glasgow member is the youngest and southernmost unit
closest to the thick section of sulfate-bearing strata that forms part of Mount Sharp, and shows
the greatest extent of diagenetic alteration. It includes a bench area where outcrops and loose
boulders are intermixed with wind-blown sand from a large ripple field named Sands of Forvie.
The rock size frequency distribution for large boulders and outcrop sizes is similar to the
distribution of bedrock polygon widths, implying that bedrock detachment was a consequence of
sand working into bedding planes, thereby enhancing bedrock break-up. PBRs to the north of the
sandy bench area are subdued, with poorly sorted regolith on slopes, sand deposits in low
regions, and the presence of subdued ridges with long dimensions parallel to the bench. CRISMbased spectra, with basaltic sand contributions removed using rock abundance maps derived
from rover data, demonstrate that the Glasgow benches and PBRs have the same ferric smectite
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signatures, i.e., they are the same rocks with different morphologic expressions. We hypothesize
that wind action is responsible for the geomorphic expression of the GT rocks, with much greater
erosion of the northern Jura rocks, leaving behind mainly PBRs, with least erosion of the
Glasgow rocks, thereby preserving extensive benches and sculpting only poorly developed
PBRs. This pattern may be related to the diagenetically altered and thus more indurated nature of
the Glasgow rocks.

4.1 Introduction
Glen Torridon (GT) is the name given to a trough on the side of Aeolis Mons (informally
named Mount Sharp) within Gale Crater (Figures 4.1, 4.2). GT is located between the Vera
Rubin Ridge (Fraeman et al., 2020) to the north, and the Greenheugh pediment (Bryk et al.,
2021), Sands of Forvie, and sulfate-bearing strata to the south (Fox et al., 2021; Bennett et al.,
2021) (Figure 4.2).
Glen Torridon is of particular importance to study, as it may record the transition from an
environment conducive to the formation of phyllosilicates, to an environments dominated by the
formation of sulfates in a more evaporitic environment. This mineralogic transition has been
identified in multiple regions on Mars, and is thought to be caused by a period of global climate
change (Bibring et al., 2006).
Phyllosilicates were first identified in Glen Torridon using orbital hyperspectral data (Fox
et al., 2021; Fraeman et al., 2016). Analysis of drill samples within Glen Torridon using the
Chemin instrument indicated that bedrock in GT contains large amounts of phyllosilicates,
plagioclase, Ca-sulfates, and X-ray amorphous materials (Thorpe et al., 2021). Rocks exposed
within GT are laminated mudstones, with some sandstone layers, interpreted to be fluvial105

lacustrine upper-most members of the Murray formation (Fedo et al., 2021; Stein et al., 2020).
Spectral analysis of the Mount Sharp strata topographically above Glen Torridon indicates there
is a thick section of sulfate-bearing strata (Fraeman et al., 2016; Milliken et al., 2014; Sheppard
et al., 2020).
The terrain within Glen Torridon is unique compared to terrains previously explored by
Curiosity. It is dominated by alternating benches of fractured bedrock and regions of smooth,
regolith-rich, ridged terrain. The ridges within the regolith-rich terrain are continuous, linear, and
repeating, and are hypothesized to be periodic bedrock ridges (PBRs) covered by regolith (Stack
et al., 2021).
The purpose of this paper is to summarize detailed mapping and characterization of the
geomorphic expression of the rocks exposed within GT, with an emphasis on understanding the
formation and evolution of the PBRs and fractured bedrock benches, and to consider how wind
action has shaped the exposed geologic units. We pay particular attention to the rocks and their
geomorphic expression close to the contact with the overlying sulfate-bearing strata (e.g.,
Milliken et al., 2010; Sheppard et al., 2020) because of the importance for understanding the
environmental transition from Murray formation to sulfate bearing strata.
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Figure 4.1: CTX image mosaic over northwest Mount Sharp, with HRSC-based elevation data
overlain. The MSL traverse to sol 3052 is shown in white. The dashed white box shows the
location of Figure 4.2. Upper left: CTX image mosaic over Gale crater, with dashed white box
showing context for Figure 4.1.

Figure 4.2: HiRISE mosaic over GT with the stratigraphic member boundaries of the Murray
formation overlain in dash-dotted white lines (Fedo et al., 2021). MSL traverse to sol 3052 is in
white. The Sands of Forvie and Greenheugh Pediment are labeled.
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4.2 Data Sets and Methods
The datasets used in this chapter are listed in Table 4.1. Given the focus of the paper on
the geomorphic evolution of the rocks exposed in GT, a key activity was the generation of a
detailed geomorphic map. This work was accomplished using a HiRISE-based color mosaic with
a 0.25 m/pixel resolution, augmented with a HiRISE-based digital elevation map for the same
region (McEwen et al., 2007; Calef and Parker, 2016), a Context Imager-based mosaic (Malin et
al., 2007), and a High Resolution Stereo Camera-based DEM over Mount Sharp (Jaumann et al.,
2007). The approach was to use the data sets, primarily the HiRISE-based mosaic, to map
geomorphic units based on textural parameters, albedo, and color. For example, PBR-dominated
terrain was identified and mapped, along with outcrops with polygonally fractured patterns.
Wind-blown sand deposits, mainly located in low areas, were identified based on albedo and
color, together with the presence of ripple patterns for larger deposits. Type areas were defined
based on properties evident from the HiRISE data, with an emphasis on regions in which
Curiosity has traversed and characterized with its array of imaging systems. Navcam, Mastcam,
and MAHLI images were retrieved for the type areas and used to evaluate the terrain appearance
from both orbital and rover-based perspectives. For this paper, we focus on regions within GT in
which Curiosity has traversed (Figure 4.2). The full geomorphic map, including areas both to the
east and west of the traverses is presented in Appendix 1, together with unit descriptions, and
where applicable, rover-based mosaics. We note that the geomorphic map was compiled without
consideration of the geologic and stratigraphic units exposed in the study area. In fact, the
geomorphic map was completed before the geology and stratigraphy were defined as presented
in Fedo et al. (2021). Figure 4.3 shows overlays of the three upper Murray formation members
(Jura, Knockfarril Hill, and Glasgow) on the geomorphic map.
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Figure 4.3: HiRISE mosaic over GT overlain with the geomorphic map. The stratigraphic
member boundaries of the Murray formation are overlain in dash-dotted white lines (Fedo et al.,
2021). MSL traverse to sol 3052 is in white. The entire geomorphic map is shown in Appendix 1.
In addition to providing rover-based images for geomorphic unit type areas, we also
generated detailed maps of rocks, regolith, and wind-blown sand covers for the geomorphic units
that are in closest proximity to the sulfate-bearing strata (Milliken et al., 2010; Sheppard et al.,
2020). These maps were generated using overhead projections of Navcam mosaics. The rationale
for these projections was to provide detailed information for these areas to evaluate the textural
nature of these units and for comparison with other rover-based and orbital data, together with
searching for characteristics that would indicate transitions to a more sulfate-rich depositional
environment.
Data from Curiosity’s Alpha Particle X-Ray Spectrometer (Gellert et al., 2006) were
employed to explore the compositions the geomorphic units in closest proximity to the sulfatebearing strata. A correspondence analysis of the APXS data using relevant elements was
performed to reduce the dimensionality of 15 (number of elements) by 117 (measurement sites)
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dimension data set, allowing the exploration of data patterns while still capturing high fractional
variances between the data. The APXS data were normalized to log ratios to remove artifacts
associated with the use of a closed number system (Aitchison, 1982; Aitchison, 1994; Aitchison
& Greenacre, 2002). Overlapping APXS measurements were also used in a laterally offset mode
to evaluate the composition of regolith contained within a mix of outcrop, boulders, and windblown sand to evaluate the regolith origins.
CRISM (Murchie et al., 2007) data were used to evaluate the mineralogy of the
geomorphic units in closest proximity to the sulfate-bearing strata. Single scattering albedo
spectra were retrieved from the along-track oversampled CRISM scene FRT00021C92, which
was map projected at 12 m per pixel, as detailed in (He et al., 2021). The Hapke scattering
function was used (Hapke, 1993), and a Mars-specific DISORT radiative code by Wolff et al.
(2009) was used to model the atmospheric gases, dust and ice aerosols. A log maximum
likelihood method was used to retrieve the best estimate of SSA values in the presence of
Poisson-distributed noise (Kreisch et al., 2017; He et al., 2019). Finally, spectra over terrain with
mixed rock and regolith, and wind-blown sands were unmixed using endmembers for bedrock
with regolith and sand, and compared to relative areal abundances derived from mapping using
the overhead projected Navcam mosaic data.
Table 4.1: Datasets used
Instrument
Context
Camera
(CTX)

Instrument PDS (Planetary Data System) product ID
Location
MRO
G04_019843_1746_XI_05S223W
G05_020265_1746_XI_05S223W
P04_002675_1746_XI_05S222W
B21_017786_1746_XN_05S222W
D02_027834_1748_XN_05S222W
G04_019698_1747_XI_05S222W
P01_001422_1747_XN_05S222W
P18_008002_1748_XN_05S222W
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DOI
10.17189/1520266

High
Resolution
Science
Experiment
(HiRISE)

MRO

High
Resolution
Stereo
Camera
(HRSC)
Compact
Reconnaissa
nce Imaging
Spectrometer
for Mars
(CRISM)
Navigation
Camera
(Navcam)

Mars
Express

P04_002464_1746_XI_05S221W
B18_016731_1747_XN_05S221W
D07_029891_1747_XN_05S221W
D13_032159_1745_XN_05S221W
P03_002253_1746_XN_05S221W
G10_022190_1746_XI_05S221W
G03_019566_1746_XN_05S220W
G06_020489_1746_XI_05S220W
[ESP_024234_1755, ESP_024300_1755
PSP_009650_1755, PSP_009716_1755,
PSP_010573_1755, PSP_010639_1755,
PSP_009505_1755, PSP_009571_1755,
ESP_011417_1755, ESP_011562_1755,
ESP_018854_1755, ESP_018920_1755,
ESP_023957_1755, ESP_024023_1755,
ESP_024102_1755, ESP_025368_1755,
PSP_009149_1755, PSP_009294_1755,
ESP_012551_1755, ESP_012841_1755,
PSP_001488_1755, PSP_001752_1755,
ESP_019698_1755, ESP_019988_1755]
(Calef III and Parker, 2016 Gediz Vallis
mosaic)
H4235_0001_da4

10.17189/1520179
10.17189/1520303
10.17189/1520227

10.5270/esapm8ptbq
10.5270/esa1uqwzjv

MRO

FRT00021C92

10.17189/1519450
10.17189/1519470
10.17189/1519567

MSL

N_L000_2309_ILT073CYL_S_2676_AUTO 10.17189/1520295
LM2_2PCT
N_L000_2481_ILT076CYL_S_3002_AUTO
LM1_2PCT
N_L000_2702_ILT079CYL_S_0654_UNCO
RM1_2PCT
N_L000_2745_ILT079CYL_S_1956_UNCO
RM1_2PCT
N_L000_2745_ILT079VRT_S_1956_UNCO
RM1_0PCT
N_L000_2972_ILT084VRT_S_1594_UNCO
RM1_0PCT
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Mast Camera MSL
(MastCam)

Alpha
MSL
Particle XRay
Spectrometer
(APXS)

N_R000_2991_ILT084VRT_S_2080_UNCO
RM1_0PCT
N_R000_2995_ILT084VRT_S_2352_UNCO
RM1_0PCT
N_R000_3000_ILT085CYL_S_0000_UNCO
RM1_2PCT
N_R000_3000_ILT085VRT_S_0000_UNCO
RM1_2PCT
N_R000_3013_ILT085VRT_S_1808_UNCO
RM1_0PCT
N_R000_3020_ILT086VRT_S_0000_UNCO
RM1_0PCT
N_R000_3027_ILT086VRT_S_0978_UNCO
RM1_0PCT
N_R000_3032_EDR086CYLASB1456_AUT
OLM1_2PCT
N_R000_3032_ILT086VRT_S_1456_UNCO
RM1_0PCT
N_R000_3040_ILT086VRT_S_2302_UNCO
RM1_0PCT
mcam12334
10.17189/1520190
mcam13175
mcam14160
mcam14397
mcam15646
mcam15751
mcam15747
mcam15754
mcam15832
Measurements used are listed in Table A.2 in 10.17189/1519534
the appendix
10.17189/1519440
10.17189/1518757

4.3 Glen Torridon Geomorphic Map and Geologic Unit
Correlations
The full geomorphic map is presented in Appendix 1 and covers the entire GT area, to the
west and east of the Greenheugh pediment. For the focus of this paper, i.e., areas within GT that
were traversed by Curiosity, we selected a region that covers the eastern portion of GT, as shown
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in Figures 4.2 and 4.3. We note, as shown in Appendix 1, that the same geomorphic units extend
west of the Greenheugh pediment. The morphology of the focus area is dominated by benches
covered with polygonally fractured rock outcrops, together with ridged terrains that have been
interpreted as PBRs (Stack et al., 2021). Other units within the study area include modern windblown sand deposits that occupy low regions, with scales ranging from filling fractures,
occupying interiors of craters, to a large sand sheet called the Sands of Forvie. In Table 4.2, we
summarize the characteristics of the geomorphic units traversed by Curiosity and list what
stratigraphic members of the Murray formation they occur in.
Based on morphology, three classes of bench terrain have been identified. The northernmost benches (Polygonally Fractured Unit_a, PFU_a) have a relatively dark appearance in
HiRISE data due to their small fracture spacing and inclusion of wind-blown sand in the
fractures. This class of benches occurs in the northern portion of GT as small, ridge-capping
deposits on an extensive area of well-developed ridges (Ridged Unit_a, RU_a) that dominate the
northern half of GT. Ridge surfaces are regolith consisting of rock clasts in the cobble size,
rounded pebbles, and underlying fine-grained material (Stack et al., 2021). Based on extensive
rover-based observations, the northern region of the PFU_a and RU_a has been mapped as an
extension from the Vera Rubin Ridge of the Murray formation Jura member (Figure 4.3) (Fedo
et al., 2021), and is dominated by mudstone.
Geomorphic unit PFU_a also extends to the south of the Jura outcrops and becomes more
extensive, with an east to west subdued bench-like outcrop pattern. RU_a terrain extends to the
north and south of these bench outcrops. In some areas, the PFU_a is laterally bordered by the
Ridged Unit_b (RU_b). The RU_b has PBRs similar to the RU_a; however, they are less well
defined. The RU_b also has more coarse and fractured rock that is visible from orbit, compared
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to the RU_a, which is mostly regolith. Based on detailed rover observations the bench outcrops
and associated ridge terrain have been mapped the Knockfarril Hill member of the Murray
formation (Figure 4.3) (Fedo et al., 2021). This member is stratigraphically, and topographically,
just above the Jura member, and consists mainly of mudstones with lenticular sandstone lenses.
In some locations, a gradual transition is observed between the ridge slopes and the bench
outcrops, i.e., the same substrate is exposed, although with a different geomorphic form (Fedo et
al., 2021).
The bench terrain with the largest areal exposure is located on the southern side of GT,
including extending up to the edge of the northern escarpment of the Greenheugh pediment. This
terrain, mapped as PFU_b, is relatively bright as compared to benches mapped as PFU_a, the
polygons are larger, and the outcrops are much more areally extensive. We note that the
Greenheugh pediment is capped with rocks that are part of the Siccar Point member of the
Stimson formation, a wind-blown deposit interpreted to have been deposited after Mount Sharp
formed by some combination of water, ice, and wind-related erosion (Bryk et al., 2021). That is,
the PFU_b unit is unconformably overlain by the rocks that cap the Greenheugh pediment. Some
areas mapped as PFU_b also extend to the east and northeast of the area near the Greenheugh
pediment, with the same areally extensive benches with relatively large polygons and a bright
appearance. RU_a landforms extend from the north of the PFU_b benches where they are
interrupted by the PFU_a benches. Careful analysis of rover-based data place the northern part of
the PFU_b benches in the Knockfarril Hill member, and the southern portion in the Glasgow
member of the Murray formation, which is stratigraphically above the Knockfarril Hill member.
Buttes have formed north of the Greenheugh pediment, within the Glasgow member. These
buttes are capped by the Smooth Fractured Unit, which has a similarly high albedo as the PFU_b,
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and is similarly fractured, but has a smoother surface appearance and lower sand coverage. The
PFU_b rocks are dominantly mudstones (Fedo et al., 2021).
The third bench unit, PFU_c is located immediately to the north of the extensive Sands
of Forvie sand sheet. It is the topographically highest unit and extends to the foot of Mont
Mercou, which is interpreted to be the basal sulfate stratigraphic unit. PFU_c contains sands
juxtaposed against the Sands of Forvie, and consists of both polygonal bedrock, locally sourced
regolith, together with numerous loose boulders that are surrounded by, and partially underlain
by, mobile sand deposits. Ridged Unit_b (RU_b) extends to the north of the PFU_c, being
bordered to the west, north, and east by the PFU_b. These deposits are finely layered mudstones
that are texturally similar to Glasgow member rocks underlying the PFU_b terrain. For
simplicity, we are assuming that the PFU_c rocks are also within the Glasgow member of the
Murray formation, but this has not yet been confirmed.
Table 4.2: Descriptions of Geomorphic Units in upper GT that have been traversed by Curiosity
Geomorphic Unit
Name

Figure of
type
locality

Ridged Unit_a
(RU_a)
Ridged Unit_b
(RU_b)
Polygonally
Fractured Unit_a
(PFU_a)
Polygonally
Fractured Unit_b
(PFU_b)
Polygonally
Fractured Unit_c
(PFU_c)
Smooth Fractured
Unit (SFU)

Figure A.5
Figure 4.9
Figure A.6

Stratigraphic
members of
Murray formation
it occurs on
Jura, Knockfarril
Hill
Jura, Knockfarril
Hill
Jura, Knockfarril
Hill

Figure 4.5

Knockfarril Hill,
Glasgow

Figure 4.13

Glasgow

n/a

Glasgow
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Description

Smooth appearance from orbit. Dominated by linear
ridges trending NE – SW.
Some fractured rocks can be identified from orbit.
Dominated by linear ridges trending NE – SW.
Polygonally fractured bedrock. Relatively dark albedo
from orbit and more densely fractured compared to
the other polygonally fractured units.
Polygonally fractured bedrock. Relatively high albedo
from orbit and less densely fractured compared to the
other polygonally fractured units.
Polygonally fractured bedrock. Contains more
upturned boulders and sand compared to the other
polygonally fractured units.
Fractured bedrock. Very smooth/polished appearance
from orbit. Very little sand cover typically. High
albedo.

4.4 Glasgow Member Geomorphic Unit Textures and
Compositions
In addition to delineating the overall geomorphology of GT, and its correlations with
geologic units, we also focus on detailed characterization of the uppermost units, i.e., those
within the Glasgow member and associated benches and ridges. To that end, we have pursued
both textural and compositional analyses of PFU_b, PFU_c, and RU_b that comprise the
Glasgow member rocks. Type areas that are representative of the morphologic appearance as
seen from HiRISE, and from rover-based Navcam, Mastcam, and MAHLI images, were used to
illustrate the detailed characteristics of the three geomorphic units.

Figure 4.4: HiRISE color mosaic perspective view over the PFU_b type area location at sol
2745. The vertical exaggeration is 2 times. The north direction is to the lower right of the image.
The location of Western Butte is labeled, which can be seen in the Navcam mosaic shown in
Figure 4.5.
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Figure 4.5: Navcam 360 degree cylindrical mosaic taken from the end of drive location at the
type area of the Polygonally Fractured Unit_b on sol 2745. The directions of east, south, and
west are labeled. The direction of north is at the left and right edge of the mosaic. Western Butte,
which is labeled in the perspective view in Figure 4.4, is visible. The Mastcam workspace
mosaic from this location is also included, and extends from 337 to 50 degrees clockwise from
north.
The type area for PFU_b is located immediately to the north of the Greenheugh
pediment, where exposures are extensive (Figures 4.2 to 4.5). A HiRISE-based perspective view
shows the proximity of the PFU_b terrain to the Greenheugh pediment escarpment, along with
the areally extensive nature of this unit. RU_a can be seen extending northward from the PFU_b
terrain (Figure 4.4). Both the cylindrical and overhead views of the Navcam mosaics acquired on
sol 2745 at this location show the polygonal nature of the outcrops, with varying spatial scales.
Rocks that are typically less than a meter across are grouped into larger polygons with widths of
several meters. Locally derived regolith and wind-blown sands fill in low areas among the
polygons. We selected a homogeneous and representative area for detailed mapping of rocks,
regolith, and sand cover, keeping to within 6 m of the overhead projection center to avoid severe
feature foreshortening at greater distances (Figures 4.6, 4.7). Perimeters and areas were measured
for each element within the mapped region (Figure 4.7). The relatively open area with the
mapped region included many clusters of local regolith material and we mapped those that were
apparent in the overhead projection mosaic (Figure 4.7). When calculating the percentage of rock
cover at a given location, the regolith areas were assumed to be 100% rock for simplicity.
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Figure 4.6: Overhead projected Navcam mosaic from sol 2745 within the PFU_b geomorphic
unit. The mapped area is outlined in cyan and covers an area of 19.03 m2.
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Figure 4.7: Navcam rock map using the overhead projected Navcam mosaic from sol 2745. This
is located within the PFU_b geomorphic unit. The total mapped area covers 19.03 m2, and the
rock cover is 80.22%.
The type area for the RU_b located to the north of the PFU_c terrain is characterized by
ridges running parallel in direction to the other ridges in GT, although much more subdued and
irregular as compared to those present to the north, particularly just to the south of the Vera
Rubin Ridge (Figures 4.8 to 4.9). A perspective view generated from HiRISE data shows the
ridges running directly up to the boundary with the PFU_c bench terrain. Navcam mosaic data
acquired on sol 3000 at this location show that the RU_b ridges are partially covered with loose
rocks that range up in diameter to a ~0.30 m (Figures 4.10 and 4.11). Locally derived regolith
and wind-blown sand fill spaces in among the rocks. The cylindrical version of the Navcam
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mosaic also shows that the northern edge of the PFU_c is evident as a gentle scarp with a height
of ~0.20 m above the RU_b unit.

Figure 4.8: HiRISE color mosaic perspective view over the RU_b type area location at sol 3000.
The vertical exaggeration is 2 times. The north direction is to the lower right of the image. The
location of two ridges, one east and one north of the end of drive location are labeled, and can be
seen in Figure 4.9.

Figure 4.9: Navcam 360 degree cylindrical mosaic taken from the end of drive location at the
type area of the Ridged Unit_b on sol 3000. The directions of east, south, and west are labeled.
The direction of north is at the left and right edge of the mosaic. Two ridges within the RU_b are
labeled, and are visible in the perspective view shown in Figure 4.8. The Mastcam workspace
mosaic from this location is also included, and extends from 355 to 52 degrees clockwise from
north.
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Figure 4.10: Overhead projected Navcam mosaic from sol 3000 within the RU_b geomorphic
unit. The mapped area is outlined in cyan and covers an area of 9.33 m2.
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Figure 4.11: Navcam rock map using the overhead projected Navcam mosaic from sol 3000.
This is located within the RU_b geomorphic unit. The total mapped area covers 9.33 m2, and the
rock cover is 72.45%.
The PFU_c bench is more irregular than the bench that is made of PFU_b material. As
noted, it is the southernmost bench, ending at the Sands of Forvie for most of its east to west
extent, and up against Mont Mercou at the eastern most portion of our focus area. Where in
contact with the Sands of Forvie, the outcrops are inundated with wind-blown sands, with
numerous blocks that have been detached and sitting within and on top of sands. Local regolith is
also abundant. Our type area is a region to the east of the area where the PFU_c terrain is in
direct contact with the Sands of Forvie sands. It is a region that still exhibits bedrock and discrete
boulders (Figures 4.12 - 4.16). Mastcam and Navcam data show significant areas covered with
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locally derived regolith, including the regolith target (Fleurac, shown in the Mastcam workspace
mosaic in Figure 4.13) where overlapping APXS measurements were acquired to test the
hypothesis that the regolith is compositionally the same as the nearby rocks.

Figure 4.12: HiRISE color mosaic perspective view over the PFU_c type area location at sol
3032. The vertical exaggeration is 5 times. The north direction is to the lower right of the image.
The location a subdued ridge and sand field are labeled, and can be seen in Figure 4.13.

Figure 4.13: Navcam 360 degree cylindrical mosaic taken from the end of drive location at the
type area of the Polygonally Fractured Unit_c on sol 3032. The directions of north, east, south,
and west are labeled. A sand field and ridge that can be seen in Figure 4.12 are labeled. The
Mastcam workspace mosaic from this location is also included, and extends from 48 to 124
degrees clockwise from north.
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The PFU_c rocks are characterized by an increase in features indicative of diagenetic
alteration by groundwater, including concretions, gray spots, and veins (Seeger et al., 2021).
Examples of concretions on the surface of a boulder are shown in Figure 4.14.

Figure 4.14: Mastcam mosaic taken on sol 3034 at sol 3032 end of drive location. The mosaic
extends from 160 to 176 degrees clockwise from north. The boulder length is approximately 0.7
m. Resistant nodules, thought to be diagenetic concretions, are visible on all surfaces of this
boulder.
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Figure 4.15: Overhead Projected Navcam mosaic from sol 3032 within the PFU_c geomorphic
unit. The mapped area is outlined in cyan and covers an area of 35.54 m2.
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Figure 4.16: Navcam rock map using the overhead projected Navcam mosaic from sol 3032.
This is located within the PFU_c geomorphic unit. The total mapped area covers 35.54 m2, and
the rock cover is 38.41%.
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Figure 4.17: Cumulative size frequency distribution plot of the rock sizes mapped at the three
type localities for the PFU_b, PFU_c, and RU_b. b is the estimated long axis length of the
boulder (Equation 4.1).
Size frequency distributions of rocks shown on the Navcam overhead projections are
different for the three units that comprise the Glasgow member of the Murray formation (Figure
4.17). The area and perimeter of each rock was obtained directly from the rock map. Most
boulders are too irregular in shape to assume a circular relationship between the area and
perimeter. To estimate the long axis length of each boulder, we used the equation:

𝑏=

3(𝑎𝑟𝑒𝑎)
1⁄ (𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟)
2

(4.1)

where b is the long axis length. The well-preserved PFU_b has a broad size distribution, whereas
the PFU_c terrain shows a distribution similar in larger rock sizes, mainly the polygonal outcrops
to the PFU_b, but lacking in smaller sizes. We interpret this difference to be a consequence of
the proximity to the Sands of Forvie as well as sands that are juxtaposed against the Sands of
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Forvie, preferentially burying the smaller outcrops and loose rocks. By way of contrast, the size
distribution of rocks within the RU_b terrain located just to the north of the PFU_c terrain shows
a clear deficit of larger rocks, mainly because outcrop is rare and only smaller, loose rocks are
evident in this ridged terrain.
We also pursued analysis of the APXS data for the three units of interest. Specifically the
15 element data set was processed through a log normal ratio approach to generate
correspondence analysis bivariate plots of factor loadings for both oxide abundances and targets
(e.g., Atchison et al., 1982). The log ratio normalization is required to remove artifacts associated
with use of oxide concentrations that sum to unity. Results are presented in Figure 4.18 and show
that the PFU_b terrain has slightly different compositions relative to the PFU_c and RU_b
terrains. Specifically, the PFU_b patterns in the bivariate plots are driven by the two drill core
tailings and dump pile measurements (Hutton and Glasgow). The Glasgow drill site was located
in a region within PFU_b that contains calcium sulfate veins. The Hutton drill site was located
close to the contact with the overlying Siccar Point member of the Stimson formation, in a region
that has a bleached appearance. We also include the Nontron drill site measurements, taken
within the PFU_c, to show that the freshly exhumed drill powders for all three drill sites are
distinctly different. The correlation of PFU_c and RU_b APXS results with increased
concentrations of Ni, Zn, Mn, Ca, and S (Figures 4.18, 4.19) is consistent with the increased
presence of diagenetic textures observed in these terrains relative to other bedrock exposures
within GT (Seeger et al., 2021). Likewise, the drill site data and bleach-like appearance of the
PFU_b terrain likewise implies increased diagenetic modification relative to measurements
acquired for the Knockfarril Hill and Jura bench outcrops (O’Connell-Cooper et al., 2021;
Thompson et al., 2021). Examining a log ratio plot of the drill tailings from the three drill sites to
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a sand target within the Sands of Forvie (Ratharsair) indicates that Glasgow and Hutton are
indeed distinct from each other, with Glasgow having much higher SO3 (Figure 4.20). The
Nontron drill site tailings in the PFU_c have the highest Zn, Ni, and MnO.

Figure 4.18: Correspondence analysis plot for factor loadings 1 and 2 for the APXS
measurements within the PFU_b, RU_b, and PFU_c. The PFU_b separates out from the other
two units. Both the PFU_c and the RU_b tend to plot near the vectors for Zn, Cl, and Ni. APXS
measurements taken on drill tailings and dumps are labeled (HU=Hutton, GG=Glasgow,
NT=Nontron).
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Figure 4.19: Correspondence analysis plot for factor loadings 2 and 3 for the APXS
measurements within the PFU_b, RU_b, and PFU_c. The PFU_b separates out from the other
two units. Both the PFU_c and the RU_b tend to plot near the vectors for Zn, Cl, and Ni. APXS
measurements taken on drill tailings and dumps are labeled (HU=Hutton, GG=Glasgow,
NT=Nontron).

Figure 4.20: Log ratio plot of the drill tailing APXS measurements at the three drill sites to the
Ratharsair APXS target. Ratharsair is a sand target located in a trough within the Sands of
Forvie.
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4.5 CRISM-Based Mineralogy of the Glasgow Member
To explore the mineralogy of the three focus units (PFU_b, PFU_c, and RU_b) we
utilized CRISM along-track oversampled observation FRT00021C92 (Table 4.1) processed using
DISORT to model and remove atmospheric gases and aerosols and retrieve surface single
scattering albedos. A key hypothesis that we attempted to test is whether the three units have
similar spectral signatures, i.e., they exhibit similar mineral signatures.
To explore this hypothesis we first assumed that the rocky portions of the terrains are
spectrally similar and that any differences are due to the presence of wind-blown basaltic sands.
To evaluate this hypothesis we performed a “checkerboard” or linear unmixing using two
spectral endmembers. The rock endmember spectrum was retrieved from the PFU_b terrain and
the sand endmember was retrieved from the margins of the Sands of Forvie (Figures 4.21 and
4.22). The retrieved rock abundance map, in fact, closely tracks the more extensive polygonally
fractured bench localities (Figure 4.23). We tested the validity of the unmixing by cross
comparisons with the rock and regolith mapped areas from the Navcam overhead mosaics
(Figures 4.24 and 4.25). The CRISM-based retrievals are very similar to the Navcam-based
retrievals, on average having a 10% difference.
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Figure 4.21: HiRISE mosaic over GT overlain with the regions of interest where the average
spectra for the three geomorphic units were extracted using FRT00021C92, shown in Figure
4.26. The locations for the spectral endmembers shown in Figure 4.22 and used in Figure 4.23
are labeled (pink=PFU_b bedrock endmember, blue=sand endmember).

Figure 4.22: Single Scattering albedo of the spectral endmembers used for the linear spectral
unmixing shown in Figure 4.23. The locations from which these spectra were retrieved from are
labeled in Figure 4.21.
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Figure 4.23: Linear spectral unmixing results using FRT00021C92 over the regions of interest
indicated in Figure 4.21.
To ensure that the regolith mapped in the Navcam mosaics is appropriate for inclusion in
the fraction of rock, overlapping APXS observations were acquired on the Fleurac regolith target
(shown in figure 4.13). Specifically, on sol 3035 Curiosity interrogated a region of mixed
regolith and sand with a pair of measurements conducted by the APXS. The APXS fields of view
(FOV) were offset on the target, Fleurac, by approximately two FOV radii (i.e., offset 2 cm;
VanBommel et al., 2016). The primary target aimed to capture as much of the rubbly material in
the FOV as possible, while the secondary, offset, location was ultimately dominated by sand
endmember coverage. Deconvolution of the two endmembers followed VanBommel et al.
(2021), an extension of VanBommel et al. (2016) but conducting deconvolution at the spectral
level as opposed to the derived oxides, providing superior accuracy in the final results.
Variability in sample relief was determined to be inconsequential (VanBommel et al., 2017). In
conducting the deconvolution, the spectral parameters of the sand endmember were largely
constrained due to the well-understood properties of aeolian sand; the rubbly endmember was
entirely unconstrained aside from a closure requirement. The deconvolution analysis modeled the
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primary Fleurac target with 35% locally derived regolith material and 65% sand, whereas the
secondary offset target captured a combination of 10% regolith and 90% sand. These percentages
are consistent with visual estimates from MAHLI images acquired of each spot. The
deconvolved composition of the regolith endmember at the Fleurac investigation site most
closely matched nearby targets Limeyrat_DRT, acquired one sol prior on 3034 at the same
investigation site, and Plazac, acquired a few planning sols later on sol 3040, approximately 90m
from Fleurac and 1 m lower in stratigraphy. Thus, the results suggest the regolith material has the
same composition as the nearby rocks.

Figure 4.24: Navcam-based rock cover percentages for each location mapped using the overhead
projected Navcam mosaic. These locations are shown in more detail in Appendix 1.
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Figure 4.25: Navcam-based rock cover percentages for each location mapped compared to the
PFU_b rock fractional area calculated using the CRISM linear spectral unmixing (shown in
Figure 4.23). A dashed line showing a 1:1 relationship is shown for reference.
A plausible explanation for the higher CRISM rock abundances relative to what was
mapped from the overhead projected Navcam mosaics is that the mapping of the regolith portion
is an underestimate of the true fraction of local regolith material. It was impossible to map very
small regolith clusters and locally derived grains dispersed among basalt sands that have
infiltrated the various locations. This inference is supported by examination of spectral averages
retrieved for the three units of interest (Figure 4.26). The amplitude differences are much smaller
than evident for the endmembers shown in Figure 4.22. The three spectra show the typical 2.28
µm and 2.39 µm Fe-OH absorptions associated with ferric smectite (Fox et al., 2021). They are
interpreted to indicate similar lithologies for the three units, including the PFU_c polygonally
fractured and adjacent RU_b ridged terrains. PFU_c is interpreted to be of lower albedo than the
other two terrains because of its proximity to the Sands of Forvie and associated infiltration of
those dark sands.
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Figure 4.26: Spectral averages from FRT00021C92 are shown for three geomorphic units and
the Sands of Forvie using the regions of interest shown in Figure 4.21. The Sands of Forvie
spectrally averaged area includes 2016 CRISM pixels, PFU_c includes 1591 pixels, RU_b
includes 565 pixels, and PFU_b includes 1787 pixels. The plot on the right has the y-axis
compressed so that the absorptions within the three geomorphic units can be easily identified.

4.6 Summary and Implications
Geomorphic mapping within Glen Torridon indicates that the northern and
topographically and stratigraphically lowest part of Glen Torridon is dominated by well-defined
PBRs. To the south, higher in topography and up section, there are discontinuous benches of
polygonally fractured bedrock within the ridged terrain. Going further south, there are more
extensive and continuous benches, as well as ridged terrain that has less well-defined benches
compared to northern GT. The entire GT region consists of ridged topography and polygonally
fractured bedrock benches.
The Glasgow member of the Murray formation is the youngest member and closest to the
sulfate-bearing strata of Mount Sharp, and contains extensive benches (PFU_b and PFU_c) and
some ridged terrain (RU_b), with the uppermost bench (PFU_c) appearing more boulder-rich
and irregular than the lower benches. Ground observations from the Curiosity rover indicate that
the uppermost bench contains a large number of disjointed boulders as well as sand. There are
also diagenetic features visible at some locations. Size frequency analysis of the boulders within
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the three geomorphic units present in the upper Glasgow member indicate that the PFU_b and
PFU_c have similar amounts of large boulders and outcrops, whereas the PFU_c has a lower
frequency of smaller rocks, likely due to sand cover. Compositional comparisons among the
three units using APXS data indicate that the PFU_c and RU_b may be slightly more enriched in
trace elements such as Ni, Zn, Mn, Ca, and S. However, CRISM spectral analysis indicates that
the bulk mineralogy of the three units is similar, with the PFU_c containing more sand than the
PFU_b, which is supported by spectral unmixing of the CRISM data over GT.
The following is an explanation for the current terrain morphology within GT:
At one point, the Glasgow member of the Murray formation likely covered more of the
Glen Torridon region. As wind erosion began carving into Glen Torridon, the upper strata of the
Murray would have been stripped back, forming topographic benches. Where the wind erosion
was concentrated, PBRs would begin to form transverse to the wind direction (Hugenholtz et al.,
2015). At first, these PBRs would not be well defined and would likely have been dominated by
boulders from fractured bedrock. As the wind erosion continued, the PBRs would become more
well defined and have a more homogenous surface appearance dominated by regolith. The
benches of the polygonally fractured bedrock would retreat back, perpendicular to the strongest
wind direction. This evolution of the topography is shown in Figure 4.27. Wind erosion may be
stronger in northern GT due to its topographic location, or the rocks of the Jura formation that
have been exposed there are weakest and most susceptible to wind erosion, or there may be a
combination of these two factors at play.
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Figure 4.27: Notional image of how the topography in GT may have evolved over time.
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Appendix
A.1 Geomorphic Map over Glen Torridon type localities
and surface observations
The entire geomorphic map that was created over the Glen Torridon region is shown in
Figure A.1. This map was made solely based on surface properties of the terrain that could be
identified from orbit using HiRISE images, which have a resolution of 0.25 meters/pixel. The
method is discussed in more detail in Chapter 4. In this section, we will discuss orbital
characteristics of the different geomorphic units. For units that Curiosity has traversed, we will
discuss what their characteristics are from the surface.

Figure A.1. HiRISE image mosaic over Glen Torridon overlain with the entire Geomorphic
map. The MSL traverse up to sol 3052 is shown in white.
The 50 by 50 m type areas used for mapping the different geomorphic units are shown in
Figure A.2. The type area localities are shown in Figures A.3 and A.4. If a drill site was located
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in a specific geomorphic unit, the type area is located at the drill site location. For geomorphic
units with more than one drill site, the drill site that looked more representative of the entire unit
was chosen. Geomorphic units that contain one or more drill sites are the PFU_a (Aberlady,
Kilmarie, Glen Etive, Mary Anning, and Groken), PFU_b (Glasgow and Hutton), and the Pitted
unit (Edinburgh). For the PFU_a, the type are is located near the Glen Etive drill site, and for the
PFU_b, the type area is located near the Glasgow drill site.

Figure A.2. Type areas for each of the mapped geomorphic units are shown. These type areas
were taken from a color HiRISE mosaic, and are each 50 meters by 50 meters. The locations of
these type areas are shown in Figures A.3 and A.4.
The Ridged Unit_a (RU_a) tends to be located near the northern boundary of Glen
Torridon, and extends to the west and east side of the Greenheugh pediment. It is defined by its
lack of identifiable bedrock and the presence of periodic linear ridges. These ridges are less than
a meter in amplitude. Ground observations of the type area of the RU_a from sol 2309 show that
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it is dominated by regolith at the surface, visible in the Navcam mosaic and mastcam workspace
mosaic (Fig. A.5). Some pebbles are visible in the Navcam and Mastcam mosaics, but there are
no large exposures of bedrock visible.

Figure A.3. HiRISE mosaic over Glen Torridon overlain with the Geomorphic Map. The
locations of the type areas within each unit are labeled with a white box. The MSL traverse to sol
3052 is shown in white.
The Ridged Unit_b (RU_b) looks very similar to the RU_a, with the only difference
being the presence of some fractured bedrock, visible from orbit (Fig. A.2). This unit also has the
repeating linear ridges that are visible in the RU_a, although they appear to be less well-defined
in the RU_b. Ground observations from sol 3000 indicate that the RU_b has larger cobbles, and
what appears to be fractured bedrock located on the periodic ridges (Figure A.5). It lacks large
coherent outcrops of bedrock, and is dominated by regolith and sand.
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Figure A.4. HiRISE color mosaic over Glen Torridon with the locations of the type areas of each
geomorphic unit labeled with a white box. The MSL traverse to sol 3052 is shown in white.
The Ridged Unit_c (RU_c) has similar linear repeating ridges as the RU_a and RU_b.
However, the ridges themselves have a sharper appearance and larger amplitude of ~2 meters.
This unit lacks visible coherent bedrock from orbit. However, on top of some of the ridges, there
appears to be smooth bedrock outcrops in some locations. This unit has a gradational relationship
with the Smooth ridged unit from orbit. The Curiosity rover has not explored this unit.
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Figure A.5. Navcam 360 degree mosaics taken from the end of drive locations at the type areas
of the Rudged Unit_a on sol 2309 (top) and Ridged Unit_b on sol 3000 (bottom). The directions
of east, south, and west are labeled on the top mosaic, and are the same for the bottom mosaic.
The direction of north is at the left and right edge of each mosaic. The Mastcam workspace
mosaic from these locations is also included. For sol 2309 (mcam12334), the mastcam mosaic
covers 5 to 78 degrees clockwise from north. For sol 3000 (mcam15646), the mastcam mosaic
covers 355 to 52 degrees clockwise from north.
The Polygonally Fractured Unit_a (PFU_a) consists of polygonally fractured bedrock,
with the fractures being relatively dense compared to later units that will be discussed. In some
areas it appears to have gradational lateral boundaries with the Smooth ridged unit – rubbly. It
also tends to be surrounded by the RU_a or RU_c (Figure A.1). The PFU_a tends to be located in
the northern region of Glen Torridon. Navcam and Mastcam observations from the type location
at sol 2481 show that it has more coherent bedrock compared to the two previous units discussed
(Figure A.6). Polygonally fractured bedrock is visible, with sand and regolith tending to infill
some of the larger fractures. The northern contact of the PFU_a at the type location is distinct
both from orbit and the ground, forming a topographic bench, while the southern boundary is
more gradational going into the Smooth ridged unit.
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Figure A.6. Navcam 360 degree mosaics taken from the end of drive locations at the type areas
of the Polygonally Fractured Unit_a on sol 2481 (top) and Polygonally Fractured Unit_b on sol
2745 (bottom). The directions of east, south, and west are labeled on the top mosaic, and are the
same for the bottom mosaic. The direction of north is at the left and right edge of each mosaic.
The Mastcam workspace mosaic from these locations is also included. For sol 2481
(mcam13175), the mastcam mosaic covers 185 to 250 degrees clockwise from north. For sol
2745 (mcam14397), the mastcam mosaic covers 337 to 50 degrees clockwise from north.
The Polygonally Fractured Unit_b (PFU_b) consists of polygonally fractured bedrock
that is less densely fractured compared to the PFU_a. It also appears to have a higher albedo in
HiRISE (Figure A.2). The PFU_b tends to be located near the southern border of Glen Torridon.
Ground observations from the type area at sol 2745 show that the bedrock of the PFU_b has a
smoother appearance compared to the bedrock of the PFU_a (Figure A.6). Sand and regolith can
be seen infilling the fractures. The bedrock appears to be largely in place.
The Polygonally Fractured Unit_C (PFU_c) has a similarly high albedo as the PFU_b,
but more boulders that appear to be out of place can be identified from orbit (Figure A.2). It also
appears to have more sand cover. The PFU_c is mostly located in a continuous area east of the
pediment, however, it is also mapped in a few smaller areas north and east of Greenheugh
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pediment (Fig. A.1). Ground observations from the type area near sol 3020 show that the
boulders in this area are more dislodged and upturned compared to the PFU_b (Figure A.7).
There is much more sand present in this unit than the PFU_b and PFU_a. In situ bedrock is
difficult to identify within the unit.

Figure A.7. Navcam 360 degree mosaics taken from the end of drive locations at the type areas
of the Polygonally Fractured Unit_c on sol 3032 (top) and Pitted Unit on sol 2702 (bottom). The
directions of north, east, south, and west are labeled on the top mosaic, and the directions of
west, south and east are labeled for the bottom mosaic. The Navcam mosaic from sol 2702
includes a large pit that is infilled with sand that appears to be a degraded impact crater. The
direction of north is at the left and right edge of the bottom mosaic. The Mastcam workspace
mosaic from these locations is also included. For sol 3032 (mcam15825), the mastcam mosaic
covers 48 to 124 degrees clockwise from north. For sol 2702 (mcam14160), the mastcam mosaic
covers 94 to 156 degrees clockwise from north.
The Pitted unit is defined by its irregular topography and pits that tend to be infilled with
sand. The Pitted unit also has linear ridges that tend W-E, however they are more defined in the
southern part of the unit. The Pitted unit is largely mapped on top of the Greenheugh pediment,
and defines the southern border of Glen Torridon. Ground observations from the type location at
sol 2702 show that the bedrock has a smooth surface appearance, and the large pit at this location
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appears to be a degraded impact crater that has been infilled with sand. (Fig. A.7). The fractured
within the bedrock have been infilled with sand.
The remaining type areas for geomorphic units have not been visited by the rover as of
the time this chapter is being written.
The Smooth fractured unit has a very high albedo compared to the other geomorphic
units. Fractures throughout the unit are visible, however the unit has a very smooth or polished
appearance. This geomorphic unit is present in large areas west and east of the Greenheugh
pediment, and in smaller areas north of the pediment. The unit tends to be mapped near the
southern boundary of Glen Torridon.
The Arcuate ridge unit has a rocky, fractured appearance, and forms a sharp continuous
ridge. It is mapped in two locations. It is mapped east of the pediment, forming a long ridge
greater than a kilometer in length, and it is also mapped in a small area north of the pediment.
The Rubbly plains and Fractured Plains are both mapped in one region, this is just south
of the Ridged unit east of the pediment. The rubbly plains maps near the western edge of this
region, and is largely made up of sand and loose boulders. The Fractured plains map in the
eastern part of this region, and consists of fractured bedrock with a topographically irregular
surface.
The Pitted unit – fractured maps within the Pitted unit, on top of the Greenheugh
pediment. The distinguishing feature of this unit compared to the Pitted unit is its somewhat
higher albedo and flatter/more fractured appearance. This unit is mapped in elongated linear
areas on the pediment, trending northwest southeast.
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The Hilly terrain is not located within Glen Torridon, but defines the southern boundary
of the area. This unit is defined by having large areas of bedrock that breakup into large
boulders. There are also many large loose boulders visible on the surface. This unit also tends to
form large buttes which can be seen breaking up into boulders.

A.2 Characterizing the terrain within the Glasgow member
To characterize the three geomorphic units present within the Glasgow member, we have
mapped the abundance and shapes of rocks and boulders at the type locations of the PFB and
RB, and eight locations within the PFC. The maps were creating using overhead projected
Navcam mosaics with resolutions of 0.005 meters per pixel. We mapped areas that were within a
distance of 6 meters from the rover, and focused on mapping areas that were the least distorted
from the projection. We created the maps in locations that appeared to be visually representative
of the entire Navcam mosaic. If a rock had a diameter of less than 0.03 meters, it was mapped as
a regolith area. Where multiple small rocks of this size or smaller were clustered, they were
mapped as one regolith area. Rocks greater than 0.03 meters in diameter were mapped as
individual rocks. The rock shapes were mapped at the boundaries of the rocks, or at locations of
visible continuous fractures. When calculating the rock cover percentage at a given location, the
regolith areas were treated as if they were 100% rock.
In the following table, we will list for each sol that mapping was done the geomorphic
unit it is located in, the total mapped area, and the total rock cover percentage. The images
showing each of these maps are included in Figures A.8 to A.17.
Table A.1: Rock cover map data
Sol

Geomorphic unit

Total mapped area Percentage rock cover
(m2)
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2745
3000
2972
2991
2995
3013
3020
3027
3032
3040

PFU_b
RU_b
PFU_c
PFU_c
PFU_c
PFU_c
PFU_c
PFU_c
PFU_c
PFU_c

19.03
9.33
25.53
31.21
31.95
22.66
22.84
28.43
35.54
31.44

80.22
72.45
56.63
8.76
34.92
58.50
55.09
56.99
38.41
38.09

Figure A.8. Navcam rock map using the overhead projected Navcam mosaic from sol 2745. This
is located within the PFU_b geomorphic unit. The total mapped area covers 19.03 m2, and the
rock cover is 80.22%.
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Figure A.9. Navcam rock map using the overhead projected Navcam mosaic from sol 3000. This
is located within the RU_b geomorphic unit. The total mapped area covers 9.33 m2, and the rock
cover is 72.45%.

Figure A.10. Navcam rock map using the overhead projected Navcam mosaic from sol 2972.
This is located within the PFU_c geomorphic unit. The total mapped area covers 25.53 m2, and
the rock cover is 56.63%.
152

Figure A.11. Navcam rock map using the overhead projected Navcam mosaic from sol 2995.
This is located within the PFU_c geomorphic unit. The total mapped area covers 31.95 m2, and
the rock cover is 34.92%.

Figure A.12. Navcam rock map using the overhead projected Navcam mosaic from sol 2991.
This is located within the PFU_c geomorphic unit. The total mapped area covers 31.21 m2, and
the rock cover is 8.76%.
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Figure A.13. Navcam rock map using the overhead projected Navcam mosaic from sol 3013. This
is located within the PFU_c geomorphic unit. The total mapped area covers 22.66 m2, and the rock
cover is 58.50%.

Figure A.14. Navcam rock map using the overhead projected Navcam mosaic from sol 3020.
This is located within the PFU_c geomorphic unit. The total mapped area covers 22.84 m2, and
the rock cover is 55.09%.
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Figure A.15. Navcam rock map using the overhead projected Navcam mosaic from sol 3027.
This is located within the PFU_c geomorphic unit. The total mapped area covers 28.43 m2, and
the rock cover is 56.99%.

Figure A.16. Navcam rock map using the overhead projected Navcam mosaic from sol 3032.
This is located within the PFU_c geomorphic unit. The total mapped area covers 35.54 m2, and
the rock cover is 38.41%.
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Figure A.17. Navcam rock map using the overhead projected Navcam mosaic from sol 3040.
This is located within the PFU_c geomorphic unit. The total mapped area covers 31.44 m2, and
the rock cover is 38.09%.
To characterize the compositional differences between the upper geomorphic units within
the Glasgow member, we employed the use of a log ratio correspondence analysis, which is
discussed in detail in Chapter 4. The APXS measurements used in the correspondence analysis
are listed in Table A.2.
Table A.2: APXS data used in section 4.4 of the dissertation. Measurements are in weight
percent.
Sol Target

Geomorphic Measurement
Unit
Type
SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Cl

2570 Ben_Hope

PFU_b

none

2572 Glen_Mark

PFU_b

none

44.34 1.03 8.33 0.29 18.2 0.14 7.11

2574 Upperhill_DRT

PFU_b

DRT

47.96 1.05 8.36

2574 Stonehive

PFU_b

none

41.51 0.98 8.09 0.28 17.22 0.16 5.91 8.14 2.47 0.75

2577 Pobie_Bank

PFU_b

none

50.55 1.19 9.29 0.38 18.83 0.14 5.71 3.67 2.51 1.06 0.81

2579 Gleneagles

PFU_b

none

45.65 1.05 8.17 0.32 20.15 0.17

2581 Conachair_offset PFU_b

none

44.08 1.12 8.78 0.31 15.52 0.22 7.68 6.95 2.55 0.66 1.04 9.72 1.09 729 1210

2581 Conachair_DRT PFU_b

DRT

47.26 1.15 8.77 0.38 18.27

48 1.06 8.86 0.34 20.64 0.13 5.99 3.59

2.5 1.06 0.93 4.98

Ni

Zn

Br

1.6 826 887 597

6 2.46 0.79 0.97 8.66 1.21 820 874 428

0.3 20.91 0.19 4.78 4.21 2.31 1.05 0.85 6.17 1.47 960 1037 1125
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6.4 4.79

2.4 0.95

0.9 12.15 1.24 560 632 183
4.5 1.09 898 694

0.8 7.61

92

1.1 1115 1340 573
84

0.2 7.09 4.76 2.32 0.78 0.89 6.54 1.16 892 1452 209

2583 Sourhope

PFU_b

none

46.37 1.11 8.84 0.33 18.26 0.21

2585 Kirkcudbrightshire PFU_b

none

45.29 1.14 8.53 0.36 18.42 0.22 7.65 5.22 2.52 0.72 0.93 7.32 1.32 840 1187 747

2585 Foggy_Moss

PFU_b

none

48.06 1.09 9.41 0.34 18.72 0.12

2604 Well_Run

PFU_b

none

47.98 1.03

2606 Staxigoe

PFU_b

none

48.25 1.19 8.99 0.38 17.87 0.15 6.45 4.19 2.64 0.87 0.81 6.37 1.46 895 1274 435

2608 Scotnish_DRT

PFU_b

DRT

46.69 1.06 8.47

2611 Renfrewshire

PFU_b

none

47.28 1.05 8.89 0.33 17.53 0.11 5.09 5.08 2.31 0.95 0.81 8.94 1.27 783 1287

2613 Glenmard_Wood PFU_b

none

44.21 1.07 8.93 0.33 20.12 0.19 6.76 5.13 2.51 0.62 0.81 7.88 1.14 1073 1074 122

2616 North_Esk

none

45.74 0.99 8.64 0.28 17.75 0.12 6.17 5.85 2.51 0.66

DRT

45.48 0.86 8.67 0.27 16.69 0.25 5.95 6.37 2.42 0.73 0.86 10.22 0.72 772 1332 178

DRT

51.62 0.94 9.83 0.28 16.76 0.32

PFU_b

Ben_Arnaboll_DR
2631 T
PFU_b
Buchan_Haven_D
2640 RT
PFU_b

6.3 4.95

2.4 0.85 0.93 7.98

1.2 857 1191

78

5.4 4.44 2.25 0.92 0.94 6.69 1.31 935 1175 128

9.1 0.26 19.38 0.18 5.73 4.19 2.38 0.94 1.03 6.37 1.11 890 1147 165

0.3 17.64 0.11 4.23 5.55 2.16 1.02 0.76 10.78 0.94 732 894 213

6.3

19

0.8 8.99 1.05 848 781 189

5.8 3.05 0.91 1.15 2.26

0.5 587 1547

89

2645 Kennedys_Pass

PFU_b

none

48.86 1.01 9.05 0.25 18.61 0.13 5.87 4.12 2.38 0.78 0.98 6.39

2647 Arbroath

PFU_b

none

49.86

2653 Moffat_Hills

PFU_b

none

47.36 0.98 9.19

2653 Trossachs_DRT PFU_b

DRT

50.02 1.08 8.86 0.31 18.27 0.14 4.98 3.93 2.68 0.88 0.92 5.86 1.71 898 946 1040

2656 Sauchiehall_DRT PFU_b

DRT

49.18 1.06 8.88 0.29 16.84 0.11 4.02 5.59 2.19 0.94 0.91 8.95 0.77 845 907

2656 Rannoch_Moor

PFU_b

none

2658 Marchmont

PFU_b

none

43.75 0.94 8.32

2659 Lost_Valley

PFU_b

none

44.84 0.97 9.43 0.32 15.22 0.33 8.61

2660 Cullivoe_DRT

PFU_b

DRT

50.33 0.99 9.55 0.29 17.26 0.28

2662 Cairnbulg

PFU_b

none

47.27 0.93 9.05 0.28 19.19 0.24 7.69 4.75 2.96 0.89 1.14 4.18 1.11 716 907 107

2663 T

PFU_b

DRT

47.5 0.94 8.73 0.29 20.1 0.24 7.36 4.62 2.94 0.93 1.16 3.71 1.19 712 946 506

2665 Hutton_triage

PFU_b

none

46.66 0.94 8.74 0.36 19.02 0.25 7.36

Hutton_DRT_offs
2665 et

PFU_b

DRT

50.21

2666 Moorfoot_Hills

42.04 0.92 8.54

Berwickshire_DR

1 9.42 0.34 16.93

1.3 838 810 356

0.1 5.75 3.94 2.61 0.84 0.88 6.63 1.25 910 984

54

0.3 19.03 0.18 5.63 3.37 2.18 0.82 1.26 8.34 0.95 878 960

65

75

46.9 1.03 9.02 0.31 18.79 0.15 6.91 4.15 2.62 0.79 0.95 6.62 1.22 926 890 540
0.3 18.52

0.2 6.16 6.55 2.28 0.68 0.86 10.11 0.86 981 659
6.2

0.7 0.95 8.56 0.71 750 1145

32

7.6 3.97 2.79 0.89 0.91 4.26 0.62 683 963

68

5.4

2.9

42

2.7

0.8 0.93

5.3 1.01 727 935 236

1 9.34 0.29 17.41 0.25 6.75 5.29 3.26 0.89 1.07 3.02 0.98 661 947 248

PFU_b

none

Hutton_DRT_cent
2666 re
PFU_b

DRT

50.5

2667 Traprain_Law

none

48.42

dump

46.64 1.07 9.29 0.31 19.94 0.27 6.29 5.88 3.39 0.89 1.09 3.71 0.91 739 1598 131

dump

49.29 1.07 9.27 0.28 18.68 0.26 5.39

6.1 3.51 0.93 1.04 2.99 0.91 716 1191

70
21

PFU_b

Hutton_dump_cor
2684 rected
PFU_b
Hutton_dump_cen
2684 tre
PFU_b

0.3 20.69 0.33 7.78 7.27 2.89 0.74

1 5.46 1.68 749 1097 765

1 9.53 0.28 18.03 0.25 6.16 5.05 3.38 0.94 1.12 2.63 0.88 658 938 219
1 9.03

0.3 18.74 0.25 6.72 5.18 2.93 0.93 1.25 4.12 0.71 597 1746 883

2686 Hutton_tailings

PFU_b

drill tailings

50.55 1.06 9.46 0.31 19.23 0.25 5.58 5.28 3.68 0.96 1.12 1.43 0.84 698 988

2690 Dounreay

PFU_b

none

40.01

PFU_b

DRT

50.95 1.04 9.51 0.29 19.14 0.15 4.31 3.71 2.37 0.88 0.99 5.82 0.58 828 935

74

PFU_b

none

49.41 1.03 9.11 0.29 19.2 0.15 4.86 3.85 2.26 0.84 0.94 7.16 0.65 830 956

82

2749 Glasgow_1_offset PFU_b

DRT

48.32

2749 Glasgow_1_DRT PFU_b

DRT

53.11 1.12

PFU_b

dump

47.19 1.19 8.54 0.33 19.73 0.14 4.14 5.95 2.09

PFU_b

dump

48.04 1.11 8.81 0.34 18.27 0.15 5.07

PFU_b

dump

46.87 1.08 8.74 0.38 18.82 0.17 4.74 6.11 2.23 0.91 1.03 7.48 1.12 964 1039 200

drill tailings

47.51

DRT

42.12 0.98 7.48 0.28 16.75 0.13 4.35 7.69

Beefstand_Hill_D
2744 RT
Beefstand_Hill_of
2744 fset

Glasgow1_dump_
2773 1
Glasgow1_dump_
2773 2
Glasgow1_dump_
2775 corrected

2776 Glasgow1_tailings PFU_b
Heather_Island_D
2785 RT
PFU_b
Hedgeley_Moor_o
2792 ffset
PFU_b

DRT

1 7.95 0.27 19.88 0.49 11.36 5.07 2.04 1.43 1.09 6.73 2.18 1283 1613 822

1 8.73 0.29 15.98 0.11 4.76 5.79 2.33 0.86 1.03 9.16 1.27 913 972 494
9.5 0.32 17.28 0.11 4.65 3.47 2.32 0.96 1.19 4.46 1.15 1080 1103 607
0.9 1.02 7.31 1.09 1142 1319 376

5.3 2.34 0.88 1.08 6.91 1.35 988 1089 530

1.1 8.69 0.41 19.02 0.22 4.71 6.22 2.11 0.78 1.05 6.99 0.91 916 876

48 1.08 8.66 0.32 21.39 0.16

157

2.4 0.82

29

0.9 14.16 1.65 794 720 568

5.5 3.72 2.45 0.99 0.93 5.21 1.24 1015 921 799

Hedgeley_Moor_

2792 DRT

PFU_b

DRT

50.37

2801 Chambers_Street PFU_b

none

47.74 1.36 7.78 0.51 14.86

PFU_b

DRT

48.96 1.11 9.12 0.34 14.65 0.16 5.56 5.82 2.32 0.71 0.81 8.98 1.15 954 1155 310

PFU_b

DRT

51.04 1.15 9.08 0.32 14.34 0.17 4.49 5.19 2.25 0.79 0.76 8.89 1.13 1018 1159 1029

PFU_c

none

45.08 1.03 8.55

2803 Capercaillie_offset PFU_c

none

43.21 1.04 8.58 0.32 15.6 0.13 5.65 7.66 2.48 0.76

Kintyre_Way_offs
2819 et
PFU_b

none

48.45

2820 Kintyre_Way

PFU_b

none

48.73 1.11 9.13 0.31 21.99 0.12 5.35 2.51 2.66 1.09 0.88 4.73 1.09 899 961 349

2935 Muckle_Minn

PFU_b

none

46.32 1.05 9.39 0.31 18.31

2935 Hunt_Hill_DRT PFU_b

DRT

46.13 1.17 8.98 0.36 17.05 0.26 7.79 4.09 2.46 0.88 1.03 7.53 1.91 602 1654 366

2938 Hart_Fell

PFU_b

none

2945 Ingliston

Chambers_Street_
2801 offset
Chambers_Street_
2801 DRT

2803 Capercaillie

1.1 8.97

0.3 21.17 0.13 4.83 3.07

2.4 1.08 1.08 3.94 1.18 992 951 936

0.4 7.36 6.05 1.39 0.86 0.61

9.3 1.31 1133 1178 990

0.3 16.14 0.13 5.39 6.73 2.38 0.85 0.81 11.3 1.01 821 983

1.1 9.07 0.29 21.9 0.14

0.9 12.4 1.01 791 952

5.5 2.65 2.64 1.09 0.88

0.3 8.19 3.96 2.58 0.83

44.6 1.08 8.39 0.31 19.39 0.26 8.44 3.18

2.3

95
95

4.8 1.19 905 917 451

1 5.73 1.63 790 1329 316

1 0.93 7.77 1.81 955 2808 901

PFU_b

none

47.21 1.14 8.94 0.38 18.16 0.31 6.89 3.79 2.57 1.11 0.88 6.52 1.66 910 1619 815

2945 Lasswade_DRT PFU_b

DRT

38.83 0.99 7.75 0.28 15.79 0.29 6.22 8.55 2.38 0.99 1.01 14.93 1.66 776 1121 850

2949 Giova_DRT

PFU_b

DRT

43.98 1.02 8.21 0.29 18.39 0.21

2949 Giova_offset

PFU_b

DRT

43.86 1.03 8.22 0.32 17.81 0.21 6.76 5.38 2.32 0.94 0.93 10.09 1.75 871 1725 557

2951 Saughieside_Hill PFU_b

none

45.28 0.99 8.16 0.41 19.25 0.26 5.36 5.28 2.33 1.07 0.95 8.75 1.42 859 1367 832

PFU_b

DRT

45.89 1.02 8.69 0.29 17.71 0.19 7.28

PFU_b

DRT

43.86 0.99 8.43 0.29 17.65 0.21 7.34 4.39 2.45 0.85

2959 Edinburrie

RU_b

none

47.68 1.02 8.72 0.33 19.46 0.34

2965 Achnasheen

RU_b

none

49.59 1.11 9.18 0.29 20.62 0.18 5.15 3.04 2.37 1.08 0.95 4.71 1.33 918 1713 438

2967 Dun_Eideann

RU_b

none

47.61

2969 Coupar_Angus

RU_b

none

49.72 1.04 8.92

2969 Auchnafree_Hill RU_b

none

51.66 1.11 9.47 0.32 19.17 0.23 5.32 2.78 2.57 1.12 0.87 3.73 1.22 1073 1735 517

2972 Torness

RU_b

none

51.85 1.13 9.14 0.28 19.71 0.16 4.74 2.67 2.23 1.19 0.95 4.47 1.17 893 1252

2974 Carn_Mor

PFU_c

none

46.67 1.04

8.5 0.31 19.83 0.19 6.65 3.01 2.59 0.99 1.02 7.11

1.7 946 1204 725

2975 Cod_Baa_DRT

PFU_c

DRT

46.76 1.07 8.62 0.31 19.69 0.29 6.13 4.05 2.37 0.92 1.11 6.57

1.6 1177 2067 699

2976 An_Dun_raster2 PFU_c

none

43.59 1.02 8.33 0.31 18.02 0.19 8.26 3.47 2.18 0.87

2976 An_Dun_raster3 PFU_c

none

44.4 1.06 8.16 0.31 18.43 0.21 7.65 3.34 2.17 0.96 1.07 10.44 1.45 922 1347 524

2976 An_Dun_raster1 PFU_c

none

45.01 1.01 8.36 0.25 18.14 0.18 7.58 3.55 2.57 0.92 1.06 9.56 1.46 832 1266 560

2989 Ronas_Hill

Rest_and_Be_Tha
2955 nkful_offset
Rest_and_Be_Tha
2955 nkful_DRT

0.2

8.9 1.67 918 1220 408

1 10.3 1.88 925 1280 375

5.9 4.09 2.22 0.99 0.92 6.09 1.55 1318 3143 687

0.3 19.95 0.32 5.85
0.3 18.8

3.8 2.39 0.88 0.96

3.6 2.35 1.08 1.02

5.8 2.92

2.5 1.13

5.9 1.52 991 2090 443

0.8 6.12 1.31 911 1329 689

71

1 11.02 1.38 910 1307 504

none

50.13 1.09 9.22 0.31 20.36 0.24 6.03 2.79 2.41 0.95 0.98 3.89 1.21 1008 2066 126

Tomb_of_the_Eag
3004 les
RU_b

none

48.89 1.06 8.81 0.31 19.68 0.25 5.94 3.25 2.41

3007 Easthouses_offset RU_b

none

46.86 1.01 8.75

3007 Easthouses

RU_b

none

46.93 1.06 8.67 0.31 20.42 0.27 6.36 3.74 2.48 0.96 1.09 5.73

1.6 1046 1208 576

RU_b

none

47.84 1.08 8.59 0.31 20.63 0.22 6.06 3.45 2.55

1.6 1005 1157 1232

RU_b

DRT

48.19

3013 Champagnac

RU_b

none

42.34 1.01 7.59 0.22 21.38 0.27 7.12 4.79 2.28 0.82 1.12 8.98 1.62 959 1099 504

3015 Beaupouyet

PFU_c

none

46.21 1.11 8.42 0.31 20.92 0.32 6.07 3.84 2.25 0.89 1.95

3017 Neuvic_DRT

RU_b

DRT

48.29 1.09 8.59

3020 Lunas

RU_b

none

48.36 1.14 8.95 0.32 20.63 0.21 5.58 3.36 2.37 1.01 1.03

3022 Tamnies

RU_b

none

49.66 1.11 9.41 0.27 21.73 0.22 4.75 2.76 2.48 1.13 1.01 3.73 1.19 1043 2505 176

3024 Biron

PFU_c

none

49.02 1.07 9.18 0.33 20.16 0.21 6.15 3.35 2.44

Gageac_et_Rouill
3010 ac
La_Roque_Gagea
3011 c_DRT

PFU_c

1.1 8.85

7 4.59 2.28 1.01 0.89 9.95 1.74 931 1878 611

1.1 8.42

0.3 19.58 0.23

1 0.99 5.29 1.67 998 2059 623

5.9 4.17 2.51 1.02 0.98 6.69 1.64 972 1203 536

1 0.99 5.21

0.3 21.69 0.35 4.29 3.62 2.39 1.13 1.05 5.49 1.45 994 1286 1127

0.3 19.83

158

6.2 1.15 844 1746 152

0.6 4.64 4.06 2.38 1.12 0.91 6.34 1.46 1153 1271 675

0.9 0.88

5 1.67 966 1275 566

4.5 1.21 1096 2409 405

3024 Coutures_DRT

PFU_c

DRT

51.36 1.17 9.08 0.33 18.02 0.17 4.97 3.75 2.43 1.08 1.31 4.85 1.13 706 1488 667

3026 Labouquerie

PFU_c

none

48.61 1.18 9.06 0.33 19.29 0.09 6.88 3.39 2.46 0.82 1.28 4.81 1.37 875 1740 572

3027 Brantome

PFU_c

none

46.37 1.08 8.58 0.33 19.94 0.25 6.45 4.32 2.38 0.88 0.84 6.46 1.53 985 1504 471

3028 Firbeix

PFU_c

none

48.07 1.05 8.95 0.32 21.17 0.14 5.07 3.81 2.41 0.95 0.88 5.67 1.17 861 1580 135

3031 Dordogne_offset PFU_c

none

46.89 0.97 8.83 0.29 18.02 0.19 5.17 5.26 2.33 0.93 1.03 8.39 1.29 1052 1910 210

3031 Dordogne_DRT PFU_c

DRT

46.17 1.02 8.73 0.27 18.2 0.19

3034 Limeyrat_offset PFU_c

none

44.41 0.99 8.26 0.28 18.37 0.21 5.16 5.92

3034 Limeyrat_DRT

PFU_c

DRT

48.26 1.01 8.92

3037 Chalus_offset

PFU_c

none

47.35 0.98 8.59 0.27 16.92 0.23 5.37 5.23 2.35 0.91 1.24 8.39 1.67 1013 2382 755

3037 Chalus_DRT

PFU_c

DRT

45.15 1.01 8.21 0.29 17.95 0.22

3040 Plazac

PFU_c

none

48.72 1.02 9.26 0.28 20.65 0.18 5.39

3042 Manzac

PFU_c

none

47.86 0.97

3044 Sadillac

PFU_c

none

44.72

3044 Pazayac

PFU_c

none

48.29 1.07 9.53 0.28 18.38 0.16 5.62 4.48 2.63 0.89 1.19 6.22 0.96 737 1351 145

3047 Daglan

PFU_c

none

46.21 1.03 8.57 0.37 19.58 0.23 6.31 4.32 2.42 0.93 1.04 6.86 1.65 1127 2281 673

3051 Peyrat

PFU_c

none

38.29 0.83 7.47 0.24 17.5 0.19 7.68 6.52 2.37

3051 Montrem_DRT

PFU_c

DRT

3054 Nontron_triage

PFU_c

none

3054 Nontron_offset

PFU_c

none

3054 Nontron_DRT

5.1 5.53 2.34 0.93 1.21 8.57 1.31 1067 1915 241
2.3 0.84

1.1 10.24 1.35 1136 2445 623

0.3 19.38 0.23 4.83 4.32 2.43 0.97 0.92 6.43 1.38 1219 2454 532

5.1 5.87

2.3 0.84 1.27 9.61 1.69 1027 2292 778

3.5 2.24 0.98

0.9 5.06 1.31 1188 2026 372

9 0.29 21.75 0.22 5.81 3.28 2.54 0.92 0.94 4.64 1.33 1416 1766 378

1 8.64 0.29 17.51 0.17 6.91 4.82 2.37 0.83 0.92 10.29 1.16 1004 1650 174

46.2 0.99 8.46

0.3 17.57 0.16 3.77 6.53 2.17

0.6 1.37 15.3 1.36 822 1145 171
0.8 0.92 10.86 0.89 789 1497 313

47.34 1.18 8.71 0.29 17.57 0.22 6.25 4.95 2.37 0.76

1 7.71 1.26 968 1905 411

46.6 0.97 8.45 0.28 17.03 0.23 4.95 5.75 2.35 0.77 1.01

10 1.17 955 1800 362

PFU_c

DRT

50.16 0.98 9.06 0.29 17.39 0.22 4.68 4.39 2.51 0.87 1.03 6.78 1.09 950 1896 394

3068 Nontron_dump_1 PFU_c

dump

47.36 1.08 9.03

3068 Nontron_dump_2 PFU_c

dump

45.93 1.07 8.56 0.33 20.85 0.29

3069 Chassenon_raster3 PFU_c

none

46.7 1.04 8.74 0.31 19.45 0.36

3069 Chassenon_raster2 PFU_c

none

46.59 1.08 9.22 0.33 18.56 0.31 6.65 4.85

3069 Chassenon_raster1 PFU_c

none

28.47 0.61 5.84 0.21 23.78 0.35 6.18 12.43 2.01 0.31 0.71 18.07 0.78 878 908 259

3071 Chassenon_raster4 PFU_c

none

43.23 0.98 8.34

3071 Nontron_tailings PFU_c
Sand pits
and ripple
2992 Ratharsair
fields

drill tailings

none

0.3 19.59 0.24 6.27 4.35 2.47 0.79 0.99 6.14 0.99 1137 1787 213
4.8 5.37 2.43 0.79 0.99

7.2 0.95 1141 2016 200

7 4.39 2.41 0.73 0.98 6.25 1.07 1187 2119 405
2.5 0.77 1.03 6.65

1 1138 2037 300

0.3 19.87 0.42 6.58 6.09 2.37 0.64 0.93 8.85 0.98 1077 1853 266

49.3 1.16 9.15 0.33 19.82 0.27 4.14 4.52 2.55 0.86 0.99 5.58

0.9 1205 2182

29

42.19 1.11 8.74 0.72 21.94 0.47 10.36 7.15 2.44 0.38 0.75 3.12 0.48 562 228

32
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